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ABSTRACT 


The gas phase thermolysis of seven different 
4-alkylidene-l-pyrazolines was found to proceed at a 
convenient rate between 160 and 185° with 70-92% conver- 
Sion into alkylidenecyclopropanes. The reaction was 
always accompanied by tautomerism of the pyrazolines. 
Reproducible first-order kinetics were observed after 
repeated thermolysis of the pyrazolines in a stainless 
steel reaction vessel. The activation parameters were 
then determined. 

The deuterated derivatives of 4-methylene-l-pyra- 
have been 


ZOLIne hive t= 6, 6-d- sand) 13: 3%.57.0o-c 


2 ING 
synthesized and characterized. The lomr, Sr, infrared 


and mass spectra all indicated better than 95% D incor- 
poration in the appropriate positions. 

The secondary deuterium kinetic isotope effect has 
been studied in the thermolysis of I and its deuterated 
derivatives at 170.0°. The observed values of SAG™ per 
deuterium via a concerted two carbon-nitrogen bond 
cleavage process (62-71 cal qe and vita a stepwise 


one C-N bond cleavage pathway (142 cal mod 


i k)/kpy = 
1.38) are not within the frequently observed value of 
SOs J0Lcal moles. However, the calculated values from 


i 


ir frequencies (112 cal mol : kp /Kp = 1.29) are best 


interpreted in terms of the one-bond cleavage mechanism 


iV. 
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in the rate determining process. 
Tnes product rdistributdons)inethe~thermolysis of «1, 
L=—6 ord 123 oc t=350 7) oo 


and I-3,3,6,6-d, were 


ae oe 4 4 
determined by Lame and 2 amr Spectroscopy. ~The; product 

data was then analyzed in terms of both trimethylene- 
methane (TMM) and diazenyl radical intermediates. Investi- 
gation of all the possible thermolysis mechanisms 
demonstrates that by choosing the product distribution 
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for 4-methylene-1l-pyrazoline-3- 
all of the product data including the kinetic data can 
only be rationalized on the basis of a diazenyl inter- 


mediate, III, wherein the ring closure modes x, y and z 


are involved in the product forming process and vary in 
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their role depending upon the position of deuterium 
substitution. The best fit of the data was found when 
x-closure was as fast as z-closure. The y-closure is an 
electrocyclic process. 

The deuterated derivatives of 4-ethylidene-1l- 
Pyrazolane, (1V), E-IV-3,3-d,, Z-IV-3,3-d, and IV-3,3,5,5-dy 
(1S0coulc purities: “960% at D) were themmolyzed aa 1/5.2° 
and the intermolecular secondary deuterium kinetic isotope 


effects were calculated as 1.19, 1.0/7 and 1.29 respectively 
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* per deuterium :,113 cal mol). This clearly 


(SAG 
indicates that the C-N bond syn to the methyl group of 
the exocyclic double bond in IV is lagging in the bond- 
breaking process. Such results can be best interpreted 
in terms of competitive one-bond cleavages. 

PRE Preaucts Lor. lV, E-IV-3,3-d, and Z-IV-3,3-d, 
were determined by 400 MHz ie and 54.4 MHz “Hime spectroscopy. 
These products together with the previously reported 
products for some 4-alkylidene-l-pyrazolines, could be 
qualitatively accounted for in terms of the one-bond 
cleavage process by assuming that in the diazenyl species, 
back-side attack of the allylic termini (x- or z-closure) 
was much favored over front-side displacement, and also 
that the strong steric effects due to the alkyl group(s) 
were involved in the rate-determining as well as in the 
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HISTORICAL 


A. Thermolysis of Azo Compounds 

Although acyclic and cyclic azo compounds have been 
studied over forty years, both in: solution and in the gas 
phase, the mechanism of their thermolysis is still a 
matter of investigation (1). Some authors favor concerted 
two-bond cleavage (eq. 1) wherein both carbon-nitrogen 
bonds are completely broken in a single unit process in 
which the starting material and the diradical are separat- 
ed by a Single maximum in free energy in a schematic 
energy reaction coordinate, and others favor stepwise 


one-bond cleavage (eq. 2) which involves nonconcerted and 


R-N Ngreks SiR N, aR (eq: 1) 


Rigs Nia Nj im ee eR Nec Nig Rae ore “me N oR (eq%. 22) 


2 


stepwise breaking of a carbon-nitrogen bond to give a 
short-lived intermediate diazenyl radical. 

Several methods, including stereochemical studies, 
isotopic studies, solvent viscosity effects, pressure 
effects, CIDNP studies, trapping of diazenyl and diyl 
radicals as well as a kinetic approach have been used to 
study the mechanisms (2-6). 

In the thermolysis of unsymmetrical acyclic azoalkanes, 
R-N=N-R', when R is phenyl, the evidence is overwhelmingly 


in favor of stepwise one-bond scission (2,3), and evidence 
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has also been provided for one-bond cleavage in highly 
unsymmetrical acyclic’ azo compounds (2,3,5). The thermol- 
ysis of symmetrical acyclic azo compounds in solution are 
believed to proceed via two-bond cleavage (1). 

Most cyclic azo compounds are thought to undergo 
thermolysis vta concerted two-bond cleavage. However, 
there has been some argument (8,9) about the thermolysis 
of l-pyrazolines, since they are believed to generate 
independently the very important species trimethylene (7). 
Trimethylenemethane is also an important species that may 


be generated from 4-methylene-l-pyrazoline (10,11) or 


7-methylene-2,3-diazanorbornene (12) vta two-bond cleavage. 


B. Thermolysis of 1-Pyrazolines 

AStramethylene diradical species has been suggested 
as an intermediate in the isomerization of cyclopropane 
to propylene (13), and various l-pyrazolines have been 
investigated as an alternative source of the same inter- 
mediate. Methylated l-pyrazolines undergo thermolysis in 
the temperature range of 185-280°C, to produce cyclo- 
propanes and olefins, and the kinetic parameters are shown 
in) Table i 6/7). 

Metnyal) subst xtutaon on Carboni, Or 5) on l-pyrazoline 
produces a decrease of 1.2 + 0.2 kcal per methyl group in 
the activation energy. Since the activation energies for 


the thermolysis of compounds 6 and 7 were about equal to 
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Table 1 
Kinetic parameters for the thermolysis of 1l-pyrazoline 


and methyl substituted l-pyrazolines (7) 
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that. of 2, it was suggested that both carbon-nitrogen bonds 

were breaking GS ontit sneodsis in the rate-determining step. 
Crawrord 2. al. (LOb, 29) compared the Kinetic aata 

in the thermolysis of 3-vinyl-l-pyrazoline (10), ets- and 

trans-3,5-divinyl-l-pyrazoline (11 and 12) with those of 

l-pyrazoline (1) and 5-ethyl-3-vinyl-l-pyrazoline (13) and 

concluded that both carbon-nitrogen bonds are broken in 


the rate determining step. The activation energies are 


at Mah N==N N==N 
10 hal EZ 13 


Sea ee ai 2 oe. | cand 20.0) —Keal mo1 + for 1, 10, il, 
12 and 13, respectively, and a comparison of these values 
could indicate allylic resonance stabilization of the 
rate-determining transition state in addition to steric 
effects on the thermolysis rate by alkyl substitutions on 
BieeG@—cat bon. 

In the case of the l-pyrazoline substituted at carbons 
Seantoeby alhy SOtroups,. Ehe Mason PmOnuCct 1S sancyclo— 
propane with an apparent single inversion of stereochem- 
weery. .Crawlord and his co-workers (/b, 14) have 


investigated the thermolysis of 6 and 7, and they attributed 
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the single inversion process to the simultaneous breaking 


of both carbon-nitrogen bonds in which the extrusion of the 
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nitrogen caused a disrotation of the ring bonds, leading 
to a planar trimethylene diradical 14 which was then 
required to undergo Sone Oe otory closure to cyclopropane. 
This conrotatory closure postulate received almost immediate 
theoretical support from some early extended Huckel 


molecular orbital (MO) calculations on 14 carried out by 


Hoffmann (15) in which he has suggested that 16 is more 
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stable than 15. In this mechanism, the minor product would 


avise from.the disrotatory closure of the diradical 14, 


~~ 


and would lead either to double retention or double inver- 


Sion of stereochemistry. Since the diradical 14 is planar, 


one expects to generate racemic products. However, the 
analysis of the optical purity of trans-1,2-dimethyl- 
cyclopropanes produced by the thermolysis of (S,S)-trans- 
3,5-dimethyl-l-pyrazoline (7) indicates an excess of 
aouble inversion aseshownein Tableswa(/C). = niseobserva— 
tion can be rationalized by assuming that 6% of the 


product arises from a “pyramidal” diradical 19 which 
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has already been suggested by Allred and Smith (4b) to 
explain the double inversion observed during the decompo- 
Sition of bicyclic azo compounds 18 by POstiwWiating. that 


the a-carbon atoms in 18 are forced to "recoil" into 
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Table 2 


Stereochemical analysis of the cyclopropane products 


in the thermolysis of 3,5-dimethyl-l-pyrazolines (7e) 
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inverted configuration (19) by the departing nitrogen atoms. 


In order to test Crawford's mechanism, 


Bergman (16) 


compounds 20t and 20c. 


Condit and 


studied the decomposition of bicyclo azo 


In these molecules, a three-carbon 
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bridge connects carbons 3 and 4, and should prevent the 
formation of a planar diradical. One might expect the 
Simple extrusion of nitrogen, leading to the "face to 
face" diradical 21 bysa disrotation. of che ring bonds, to 


be the easiest path for the decomposition. Since the 
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diradical 21 can close again without activation energy (17), 

the major product should exhibit a double retention of 

configuration. However, a predominant single inversion 

Of cOoniiquration was Still observed.) |) This result led 

Condit and Bergman to propose a new mechanism which is an 

extension of that suggested by Roth and Martin (4a). They 

suggested the slow step to be the breaking of only one 

carbon-nitrogen bond, leading to the diradical 22, followed 
Rs 
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an inverted stereochemistry as the major product. In the 
case or i-pyrazolines, this mechanism can also explainva 
predominant single inversion of configuration (see Table 2). 
Later, other experimental data supported this two step 
mechanism (18). 

Recently, Clarke, Wendling and Bergman (8) analyzed 
the yield of each cyclopropane enantiomer formed from ets- 
and trans-3-ethyl-5-methyl-l-pyrazoline (23 and 24) and 


the results of this study are summarized in Table 3. The 


Tablewm. 
Yield of each cyclopropane enantiomer in the thermolysis of 
ate 927 CoS) 


Produce, % 
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trans-pyrazoline leads to trans-cyclopropane with an excess 
of double inversion, and to nearly racemic ets-cyclopro- 
pane aS a major product. On the other hand, the cts- 
pyrazoline leads to ets-cyclopropane with an excess of 
double retention, and to trans-cyclopropane as a major 
product with a predominant "ethyl rotation". These startl- 
ing results led the authors to conclude that the product 
distribution cannot be understood on the basis of only 

one of the previously mentioned mechanisms. In agreement 
with a suggestion of Fukui (19), they proposed a new 
mechanism in which the azo compound travels along a reac- 
tion coordinate which "feels like" a [o*st+07a] pathway in 
the initial phases of thermolysis. A "nonlinear" extrusion 
of nitrogen causes a conrotation of the ring bonds. In 

the thermolysis of the trans-pyrazoline 24, "clockwise" 
conrotation is preferable to "counterclockwise" rotation due 
to steric effects. This leads to transient 26A having 
instantaneously pyramidal radical centers, followed by 
planarization to 27A exclusively by motion of the hydrogen 
atoms attached to the radical carbons on the basis of mass 
effects. The least motion principle can then serve to 
account for the relative amounts of products. Pathways 

"a" and "“b" lead to eze-product and are chemically of 
comparable energy, thus accounting for the formation of 
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Cues Clearly More cavorable than Ma", and) thus 25-2 


is formed with double inversion of configuration. 


In the case of the etvs-pyrazoline 23, the two possible 


Et 


26C 


nonlinear N. extrusions are energetically similar and 


should be competitive as shown in the following scheme. 
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Each is also sterically more compressed than in the 
"clockwise" trans case, since in both instances one of 
the alkyl groups tends to be forced into a pseudo-axial 
position. This compression may let less rotation take 
place on the side of the molecule which experiences the 
axial interaction. This leads in one instance to a 
transient structure 26B, and in the other instance to a 
structure 26C. BA 26B, planarization again occurs by 
hydrogen motion to generate 27B, and "closest approach" 
ring closure pathways "a" and "b" give doubly retained 
ets-product and a singly inverted, ethyl-rotated trans- 
product, respectively. Rehybridization in 26C leads to 
27C which may close by path "c" to give once again a 
doubly retained cis-product, or by path "d" to produce a 
methyl-rotated trans-product. The doubly inverted cts- 
product (-)-25¢ observed in smallest amount, can only be 
formed by path "e" through utilization of the most “remote” 
p-Orbatal lobe rn 27B and 27C, which is less likely. The 
product distribution can be rationalized if one makes the 
reasonable assumption that the methyl compression rotation- 
al pathway leading to 26B is somewhat favored over the 
ethyl compression pathway leading to 26C. 

Hiberty and Jean (9) recently carried out ab tnitto 
SCE calculations followed by a 3x2) configuration “inter— 
action. (Ci) using the Gaussian /0Mseries or programs, in 


which the geometries of the various conformations have been 


Pe 


fe osae senoadent ‘aged Be bale 


* cee ena UES a nome habyo®, aes tJ stnod Bue ose & 
i ; ‘ae ry 


aie 2s%o% a2eagol joi, yeu MOLE BE 7 shin 1s 
So Hn Ne skecetam: eta hy ‘aoke: 


S35 20005 Hey 


; p Steel eae. gt abaot whet sieLigganant 1033 7 


anabvelte verso cab bas fe Ss atonal =t¢ chro hers 


ké6pm. 10 faxtaate th biveyl awk ak Be a 


5 


/ +agenlm" Prey pats Srarelap C2) Wola agora a 


fol svin "A" fas “n> dlewrad 9 sneeke tts 


Lice i via 
ore. hetdisvnt gheniv & Bes souteryg-3ke 
i ; HS tJ ' a en - yievrt 9enest -« teaborg 
6 nivioe 8980 oF: a Cane ‘ apo FM} tle ire 5 >. 
: - 7 
; ot MB staged gO 47 Baer ese s Pehtie tot vitloob 
ik pen “i widunh ott J out =o OAs Om! jui-ieda " 
a5 YEno, ned jie) Lem ek SSeqderto. pent) pibene: 
woups” Jeu \ wore? C/ a0 “dures "ea" sag 
‘ aye he. : faery ; Fr es oe ae 
an? -2pFEn Sno 4 ‘acl Lercites =@ fag “nO suds 
pry.) erp aut Sent ae ‘the ae afd et 


“HOS ro! BOLE See ht i 
- W a : : 
JO b6260.64. 4 ahwomesee ee, AOS Oo} Cat iba t/, cid: rt t 


~ a ‘ os 2 abba, ota ts} na isasteg 


ee 


i ie hdig baits a5 wlan | aye? ete bia ae 


2 138 
a3 ma ad ne oe ay 
Vy , Coe 


Pa 


optimized with a minimal basis set (STO-3G), and the 
reaction paths mae oneeed with an extended basis set 

(4=31 GCG). Their calcwlationssandicated that the most 
favorable pathway is the one involving a nitrogen-contain- 
ing diradical 22 ingap eras CONLLGULation, With an activa-— 
tion energy of 39.3 kcal/mol, followed by a pathway 
involving a nitrogen-containing diradical 28 in a gauche 
conformation with an activation energy of 42.0 kacl/mol. 
The concerted pathways involving a planar trimethylene 
diradical 14, and a "face to face" diradical 21 were 

found to give activation energies of 44.1 and 47.8 kcal/mol 
respectively, while the pathway involving 24 by "nonlinear" 


extrusion of nitrogen proved to be much more energetic. 
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Cr = .boO°l 7 eG5— Oley = 0%) (d= 612 oF b= 220258 Y= 80.) 


The contormation of the diradicals, 22 and 28 in the 
thermolysis of l-pyrazoline was obtained from the two 
dimensional (6,¢) potential surface, in which conformational 
energy of the nitrogen-containing diradical was plotted 


against the rotational angles 6 and » with the optimization 
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at each point by the rotational angle ¥. The rotational 
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angles are defined as shown: 


8, rotational angle of N,-N 


Ly e2 


around the C_-N 


57Ny bond; $9, dihedral angle between the 


C3C,C.5 and the CyCeCy planes; and ¥, rotational angle of 


the methylene group C.HH around the C3-Cy bond. The 


potential surface Showed several minima in each curve. 
Among these, only two are absolute secondary minima on 


the potential surface: the first one is the trans-diradical 


22 with the values > = 180°, 6 = 0°, and ¥ = 0°; the 


second one is the ets-diradical 28 with the values 6 
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On the basis of these results, the product distribution 


for the thermolysis of ets- and trans-3-ethyl-5-methyl-l- 
pyrazolines (23 and 24) were explained qualitatively in 
agreement with the experimental results in Table 3. 

In order to explain the relative amounts of double 


inversion to double retention in the minor product, the 
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most favorable pathway involving the diradical 22 was 
considered. The nee or the cts-pyrazoline (23 OG 24) 
should give 22 in which the two alkyl groups are cts or 
trans relative to the CCC plane. Owing to steric hindrance, 
the amount of the minor product with double inversion 
arising from this pathway should be more important for 

the trans- than the ezs-pyrazoline, which is in agreement 
with the data in Table 3. The relative amounts of double 
retention in the minor product can be explained by con- 
Sidering the pathway involving the diradical 28, in which 
the substituents are in sterically favorable pseudoequa- 
torial positions starting from the cets-pyrazoline, whereas 
one of the substituents is in a pseudoaxial position in 

the case of the trans-pyrazoline. Thus, this reaction path 
can be expected to be more favorable for the ets- rather 
than the trans-pyrazoline. Consequently, the amount of 
double retention in the minor product should be larger in 
the case of the ets-pyrazoline, which is in agreement 

with the data in Table 3. 

A possible explanation of the relative amounts of 
ethyl and methyl rotations in the major product may be 
based upon the interaction between the azo group and an 
abKyYy beSUbpstiltuemt during the first step of both pathways 
uSing diradicals, 22 and 28. For the ects-pyrazoline, the 
outward rotation is the easiest one, since it prevents 


any steric repulsion between the substituents. In this 
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motion, the reaction in which the outgoing nitrogen atom No 
attached to C3 encounters the methyl substituent on Co 
should™@be easier than that in which the outgoing N, con- 
nected to Ce encounters the ethyl Group, on C3- Therefore, 
the ethybrotationr at C3 is expected to be easier than the 
methyl rotation at Co. In the case of the trans-pyrazoline, 
the ethyl (methyl) rotation at C3 (Co) can occur so that 


the nitrogen atom No attached to C (C,) may avoid any 


3 
interaction with the methyl (ethyl) group on Ce 3)° 

Therefore, both ethyl and methyl rotations are expected to 
be equally favorable, and these are in good agreement with 


the data in Table 3. 


C. Thermolysis of 4-Alkylidene-l-pyrazolines 
(i) Trimethylenemethane 

Trimethylenemethane (TMM), a diradical of composition 
C(CH,) 3, has proved to be of considerable theoretical and 
mechanistic interest. Over the past decade, Dowd and his 
collaborators (20) have demonstrated that planar TMM has a 
triplet ground state (33), and can be generated by the 
photolysis of either 3-methylenecyclobutanone (29) OG 


4-methylene-l-pyrazoline (30). Gajewski (21) observed that 
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only methylenecyclopropane (31) was produced when 30 was 


photolyzed directly. However, 1,4-dimethylenecyclohexane 


(32) was also produced when 30 was photosensitized 
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by benzene. The author proposes a singlet TMM intermediate 
Por the direct photolysis, and singlet and triplet ITMM's 
for the photosensitized photolysis, with possibly singlet 
30 intersystem crossing to triplet 30. 

Dewar and Wasson (22) have shown that both triplet 


and singlet states are possible for TMM, and that the 
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triplet TMM 33 with a planar geometry is the most stable 
structure. However, on a form where one terminal is 
orthogonal to the plane aE the other two, the open shell 
Singlet 34, which has two unpaired electrons of opposite 
spin, is not much less stable than the planar triplet TMM 
33. Theoretical studies have suggested that the orthogonal 
Singlet TMM 34 is more stable than the planar singlet TMM 
35 (23). It has been reported by Chesick (24) and Gajewski 
(25) that the orthogonal singlet TMM species are involved 
in the thermal rearrangement of various methylenecyclo- 
propanes. 

Structurally modified 4-methylene-l-pyrazolines, such 
as 7-isopropylidene-2,3-diazanorborneses (36), have been 
studied by Berson and collaborators (6b, 12) and have been 
demonstrated to produce both singlet and triplet 1,3-diyls 


(37, and. 38)., by photolysis and) thermolysis, as evadenced by 
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trapping experiments and by dimer formation. They observed 
that the dimers formed in the solution-phase thermolysis 
seem to be products largely of a (triplet + triplet) reac- 
tion, and that the composition of cycloaddition products 
(39 and 40) of the 1,3-diyls with trapping olefin changes 
as the initial concentration of the olefin changes as 
Indicated In Table 4.2. The ratio for 39/40 was also found 


to be 30-75 when the azo compound 36 decomposes thermally 


Table 4 
Ratio for 39/40 with olefin in the thermolysis or photol- 


ysis of 7-isopropylidene-2,3-diazanorbornene (12c) 


39/40 
Thermoly- Photolysis 
j : Xanthone- 
Olefin Conc, M sis DUBecit aa ane 
Acrylo- Uae 4.8 2 
nitrile _ a - 
6.5 7 38 
uaa ae 34 3.6 
Methyl Bod _ a 
acrylate Bey 7 a 
Oiee2 ms 26 - 


in the presence of high olefin concentrations or molecular 
Oxygen “Gluzd)." This thigh ratio ws characteristic of the 


Singlet diyl 37 and provides a sensitive indicator of even 


eo 


-_ > 
§ * ar * 4 ~ : f , rT « } 
Eotota. 1), PLR Y hot ons ey rs tars oat 
) a here >» 
ai Ly ee yicera es yu bt To eeye + 
oeyer 
‘ 4s gts 
mis <5: a eich oe 7 as Artes 
mani 2s \ y 
was Se TiG Paige mM ora) 


OS. 22 yee 


ES ES a 


ey &? §.h & wt 
2s Wied ait rer 


e.é aoe OL Ea a af 
a.t bf as o th 


£.% a yt 


aks) a “ S bE 


@ 
6 
; ‘ = emtae bch i. gaia A aan ey 
as -_ — > 
mA Ui I = 
: 


¢ Lee T° i  4hetsn 2 tis veds aehace, figic To. 
a ost. Re vege todoe tally el ose igilk ober 
‘gaeo C® royoobitis s¥ivieron a aab isos bre GE 


a 


: 
a) 
+ 


a small amount of singlet CONntributeIOn £o the product 
mixture, since the triplet 39/40 Patio of Ovi =3° 25 much 
smaller. As indicated in Table 4, the xanthone photo- 
sensitized decomposition of 36 leads directly to the 
triplet ground state (12c). It has also been observed 
that the singlet products are formed not only with high 
regiospecificity for the fused structure 39 bit ra lLsos wren 
high stereospecificity for eis addition when the triplet 
dry 38 is scavenged by oxygen (l2a, 12d). These results 
can be considered as evidence for the TMM type inter- 
mediates 37 and 38 in the decomposition of 36. However, 
a fused isomer ad has been observed in the thermolysis 

oF 36, but not 2n Sthe pnotolysis of 36 (6a). They 


suggested that a concerted reaction may be allowed in the 


N 
\\ 
N 


41 


~~ 


diazene excited state, where the orbital symmetry restric- 
tions appropriate to the thermal reaction do not apply. 
Although nitrogen free 1,3-diyls have been proposed 
by Crawitord and collaborators (10) as possible intérmed— 
iates in the thermolysis of 4-methylene-l-pyrazoline (30), 
4-isopropylidiene-l-pyrazoline (57), and 3,3-dimethyl— 
4-methylene-l-pyrazoline (56), they later found that the 


Product (distr bution or the thermolysis sor releven other 
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4-alkylidene-l-pyrazolines cannot be rationalized in terms 
of the planar or the orthogonal singlet type of intermed- 
jate (lL), A detailed review of the thermolysis of these 
d~-alkyliadene-l-=pyrazolines is given in the following 


section. 


(ii) Thermolysis of 4-Methylene-l-pyrazoline (30) and_ 
Deuterated 4-Methylene-l-pyrazolines (42, 43, and 44) 
Crawtord e7 al. (10a) “Studied the thermolysis of 

4-methylene-l-pyrazoline (30) and obtained an activation 

energy of 32.6 + 0.3 kcal mol-+, which may be compared 

with those of l-pyrazoline (Gay Mon Ras OS Ey a derstih el C7 a) 

and 3-vinyl-l-pyrazoline CEOS See 20S Kkead nel C0) 

previously mentioned. The last-mentioned represents the 

Stabs lization or Chesvinyimetiivy lene imtermediate Dy 

allylic resonance energy. The thermolysis of 30, which 

reacts at a rate 140 times greater than that of l-pyra- 

zoline (1) can be explained to be accelerated by a 

comparable stabilization. Further investigation of the 

mechanism has been carried out by studying the thermolysis 

On 4-methylene-1-pyrazoline-3,3-d. (42), 4-methylene-1- 

pyrazoline-3,3,6,6-d, (2307 and 4-methylene-l-pyrazoline- 

3,3,5,5,6,6-d, 
for the thermolysis of these deuterated 4-methylene-1— 


pycaaolines are guven aon Table oo L0a) pap cel uZe rn meri sal.. 


(lb, 26, 27) have demonstrated that the substitution of a 


(44). The secondary kinetic isotope effects 
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Table 5 


Secondary deuterium kinetic isotope effects for the 


thermolysis of deuterated 4-methylene-l-pyrazolines (10a) 


Compound ero. waa) k./Kp 
42 Meyers) Ieee (OOS 
43 1697.0 3 One ©0203 
44 L72.9 APA SH OS as Otay 


deuterium a to the azo nitrogen that is undergoing valence 
change in the rate determining transition state in such a 
manner as to decrease the number of H-C-X (vs. D-C-X) 


bending modes, leads to an increase in the free energy of 


+ 


activation 6AG* of 90-120 cal mol + per deuterium. 


Crawford and collaborators observed that the effect of the 


four G—deuteriums. .1n44 was. 97. 3 cal elk per deuterium. 


+ aL 


Since the 6AG' per a deuterium is 101 + 6 cal mol ~ for 42, 


and if 43 represents the effect of the two a-deuteriums 
plus two y-deuteriums, then the two y-deuteriums contribute 


, -1 : 
an increase of 27 cal, mol . These results are in accord 
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with a transition state wherein both carbon-nitrogen bonds 
have undergone considerable bond breaking (28). A control 
run of a sample of 43 carried out to 503 completion then 


re-isolated indicated that there was no observable increase 


43 45 46 
of protons at the vinylic position via formation of 


4-methylene-l-pyrazoline-3,3,5,5-d, (46) as determined by 


4 
lem spectroscopy. They estimated that 2% rearrangement 
could have been detected and thus they were able to rule 
out the formation of any pre-transition state intermediate 
such as the diazenyl radical intermediate 45. The 
thermolysis of pyrazoline 42 gave ane products: methylene- 
2,2-dideuteriocyclopropane (47) and dideuteriomethylene- 
cyclopropane (48). The pyrazoline 43 gave the products: 
dideuteriomethylene-2,2-dideuteriocyclopropane (49) and 
methylene-2,2,3,3-tetradeuteriocyclopropane (30) as in 
Tabie 6. If Erom 42 a diradical intermediate of composi- 
tion equivalent to (CH5) 9CCD. is produced, then there are 
two possible modes by which 47 can be produced. The rate 
constant for both of these modes is 2kh where kh represents 
the rate constant for the conversion of the protiomethylene 
group to the exo-methylene as in 47. There is also one 


mode by which 48 can be produced having rate constant k}, 
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Table 6 
Product distribution in the thermolysis of deuterated 


4-methylene-l-pyrazolines at 165°C (10a) 


Starting Relative yields, % 


material 


47 48 
42 yO) se Jb £0 1: 
D 
2 A A 
D =p 
vad 2 2 2 
- 49 50 
43 Ws) x 2 PUP ae 9) 


where kh is defined as the rate constant for the formation 
of the exo-methylene group by the deuteriomethylene as in 
48. The ratio ki kD in the product determining step then 
Leet one (UR Uon Tot tie DLOUUCts: OL 42 and by analogy, 0.74 
AOL MIM) ielesa Sel Vous ep@elehitevetaarens 43. The similarity of these 
results, besides the possibility of their being fortuitous, 
enabled Crawford et al. to suggest that there is an isotope 
errect ii the product determining Step and that the three 


methylene groups have either become equivalent as in the 
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planar triplet TMM ol, or have become randomized in a set 

of intermediates aii euaercke to the orthogonal singlet TMM 

52. Triplet planar TMM 33 is known to dimerize to produce 
1,4-dimethylenecyclohexane (32) (0b. 2a. “Phus,. che 


intermediate 51 can be ruled out since no dimer was 


From 42 R, = D; Ry = H 


From 43 ae 


observed in any of the reactions, nor was there observed 
any addition product when it was attempted to trap the 
diradical with an olefin. 


In a set of intermediates such as 52, the isotope 


GeLrect wacesfirst thought to bea, ponderal: efitect (29750): 


the deuterium, being of greater mass, is slower to move 
out of thesplane,than is, protium. «Thus; can be 
rationalized a preference on the part of the protium for 


the ring methylene position of methylenecyclopropane. By 


Meing carbon-13,. anys pondecral entropy sei fect can? be removed 


since the increase in mass is precisely on the axis of 
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rotation. The following result was obtained upon studying 


tne Wabelled pyrazoline 53° (10a). In this case, there 
* 
Leos C 
* —_—_—_—_> + 
* 
N=N 
53 54 55 


64.0+0.5% 316402 0 e 


cannot be a "ponderal effect", but still, the value found 
EOrathemreat vs 54) LO ssp Was ule jo pe stonititeantly ditterens. 
from the statistical value of 2.00. 

An alternative explanation was that 42 and 43 can give 
rise to a7 and 49 in a concerted process and that in the 
gas phase, the methylenecyclopropanes produced are "hot" 
and undergo subsequent isomerizations; such a possibility 
is diminished by the observation that the same product 
ratios were obtained in solution as in the gas phase. This 
"hot species" was then ruled out since it had been observed 
that alsample of 47 prepared independently was unchanged 
acer os hraae 180°; and upon heating at. 250°, the lamer 
spectrum indicated an equilibrium mixture of 67.6 + 1.1% 

Gf VAT atid 32-42 11s of 43 (10a): 

These results showed that the final position of the 

methylene group in methylenecyclopropane is dependent upon 


its original position in the pyrazoline, and cannot be 
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accounted for by a mechanism producing intermediates like 


52 alone. 


(iii) Thermolysis of 3,3-Dimethyl-4-methylene-l-pyrazoline 


(56) and A-Lsopropy idene-l-pyrazoline (57) 


Crawford and collaborators (10a) prepared two isomeric 
dimethyl substituted 4-methylene-l-pyrazolines (56 and 37) 
and studied their thermolysis. The product distribution is 
indicated in Table 7. From these results, a planar TMM 


intermediate, common to 56 and 57, could be ruled out since 


Table 7 
Product distribution in the thermolysis of dimethyl sub- 
stituted 4-methylene-l-pyrazolines at 165°C (10a) 


" Relative yields, % 


Starting 
material 
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the same ratio of 98:59 would have been expected from both 
56 and 57. | 

Instead, the orthogonal singlet intermediates 60 and 
61 must be considered. They suggested, on the basis of the 
least motion principle (31), that the thermolysis of of 
produces only 60 whereas thermolysis of 56 gives rise to 


Gisvas wellpas -60.. “The  preduct proportions for both oG and 


60 61 


nan ~~ 


57 could be then rationalized, assuming that the rota- 
tion of the isopropylidene group of 60 is favored by 


6323/7 over that of the methylene group. 
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(iv) Thermolysis of 3,3,5,5-Tetramethyl-4-methylene-1l- 


pyrazoline (62) 


Tokunaga and Croneord (32) investigated the gas phase 
thermolysis of 3,3,5,5-tetramethyl-4-methylene-l-pyrazoline 
(62) which presented the advantage that the tautomerism 
which affected the study of the previous 4-methylene-1l- 
pyrazolines, was no longer possible. Thermolysis of 62 
gave rise to the products 63 and 64, but 227256, 5-tetra= 
methylmethylenecyclopropane (64) was not observed because 
of its rapid and nearly complete isomerization to 2,2- 
dimethylisopropylidenecyclopropane (63) under the reaction 
conditions. 

A kinetic study was carried out in order to determine 


all the rate constants and the Gnitial ratio of 63:64. 
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Comparison of the thermolysis rate of 62 with the thermol- 
ysis rates of some fea ere ie ree rieancse as listed in 
Table 8, proved to be interesting. It was found that the 
replacement of hydrogen by methyl slowed the rate from 
what is normally expected. Also the rate of 62 was 
found to be one third the rate of 3,3,5,5-tetramethyl- 
l-pyrazoline (9) as if there was no acceleration from the 
allylic nature of the corresponding radical. The authors 
proposed that the bulky methyl groups had prevented any 
manifestation of the allylic resonance and suggested 
that the cleavage of the carbon-nitrogen bond (s) oto 62 
was occurring in the plane of the ring. Furthermore, 
the results of Engel (33) showed that the thermolysis 
of 3,3,5,5-tetramethyl1-4-isopropylidene-l-pyrazoline 
(65) was one thirty second of the rate of thermolysis 
of 62. This was an indication that even methyl groups 
placed on the exo-methylene group influence, by their 
Steric effect, the rate of the thermolysis of 4-alkyli- 
dene-l-pyrazolines. 

Calculations gave 52:48 for the ratio of 64:63 from 
62, a, result dittenent: from 6s: c7a fOr ene raclo.or 
98359 from 5/- This ditterence could be rationalized 
by considering the allylic diazeny!l Species 66 as a 
possible intermediate. Displacement of nitrogen by 
elther of the allylic termini would) then give’ rise to 


the products and this process may be controlled by the 
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Table 8 
Lie relative rates, at 160.2°C, and activation parameters 
for the gas phase thermolysis of some 4-alkylidene-1- 


pyrazolines and for 3,3,5,5-tetramethyl-l-pyrazoline 
+ 


E AS 5 90 Relative Reference 
Seusaeinins! (kcal note Morey a (e-u.) rate No. 
CVA Gs TO Se MS pate! -l.l O28 10a 
N=N 
30 
40067 + 0.4 L5253 +9.8 1s @ 32 
N=N 
62 
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65 
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The authors also proposed the orthogonal Singlet 


diradical 67 as a possible intermediate in the thermolysis 


of 62. From this type of intermediate 67, similar in 
structure to 60, an explanation had to be found for the 
fact that the rotational propensity of the isopropylidene 
group with respect to the methylene group was greater 
(63237) "17 60 than it was in 67 (52:-48). ~The authors 
also suggested that, when going from intermediates 60 


and 67 to products 58 and 64 respectively, the reaction 
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had to go through a transition state TS. The lower rota- 
tional propensity of the isopropylidene group in 67 
relative to that in 60 would then be rationalized in 


ferms, Of steric factors more important in TS) thaw on TS. 


(v) Thermolysis of 3-Methyl-4¢-methylene-l-pyrazoline (68) 
4-Ethylidene-l-pyrazoline (69), Dideuterated 4-Ethyl- 
idene-l-pyrazolines (76 and 77), 4-Neopentylidene-1l- 
pyrazoline (83), and Dideuterated 4-Neopentylidene- 
l-pyrazoline (84) 

Crawford and collaborators (11,34) then studied the 
thermolysis of the isomeric 3-methyl1-4-methylene-1l- 
pyrazoline (68) and 4-ethylidene-l-pyrazoline (69), two 
systems which have different steric and electronic 
effects than the previously studied 4-methylene-1l-pyra- 
ZOLINGS tne Product. distributwen 2s gaven in Table 9. 


From the results, a planar singlet TMM intermediate was 
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Table 9 
Product distribution in the thermolysis of methyl substi- 


tuted 4-methylene-l-pyrazolines at 175°C (11) 


Relative yields, 2% 
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ruled out since it would have given the same ratio of 
70:71 regardless of fre reactant used. 

The authors proposed that the intermediates 72 and 
73 analogous to 60 and 61 could be usefully employed in 
rationalizing ~Ehe proportions -of 70 and Uke The pro- 
JUGE PEOpOLTte1ons: Erom 68 and 69 cannot be rationalized 


in a manner analogous to the scheme previously shown for 


68 -—— 73 ——————— > 70 


~~ nw ~~ 


56 and 57, since the % mole fractions of 68 going through 
72 would need to be 200% in order to account for the 
formacion of 202 Of /1 as in the seheme above. 

Schrijver (34) used a mechanism originally proposed 
by Cameron (35) and involving the breakage of only one 
carbon-nitrogen bond in the initial step and the forma- 
£10n, Of a Gyclopropy. sadical—=bound diradical., Wath 
this mechanism, the fact that the methylallyl radical 
of the diazenyl radical 74 is easier to form than the 
allyincadicaltot the diradical 75 COula account, fom che 
excess of 70 with respect to 71 produced from 68. But 


this mechanism does not rationalize the 10% of 71 pro- 


duced from 69. 
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The authors (11) suggested that 73 may be the 
intermediate first produced from 69 to give the high 
portion. Of 70 and that 72 LSechatewhicies iret. derived 
from 68. However, such a sequence would not account for 
the formation of 102 of 71 from 69 unless there is some 
interconversion of 72 and 73. It would also appear to 
violate the least motion principle but Roth and Wegner 
(36) have observed the racemization of 3-methyl-6-ethyl- 
idenebicyclo[3.1.0]hexane at rates competitive with 
ets-trans isomerization supposedly by the involvement 
of the rotation of the exocyclic ethylidene groups at 


the same time as the cleavage of the C,-Cs bond. This 
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novel observation was considered to imply that the least 
motion principle Sanat always be used in such processes, 
and to suggest that 73 may be on the reaction path if 
extended to the thermolysis of 69. 

In order to test this possibility, the deuterium 
labelled pyrazolines, F£-3,3-dideuterio-4-ethylidene-1l- 
pyrazoline (76) and Z-3,3-dideuterio-4-ethylidene-1l- 
pyrazoline Ghd Ju were thermolyzed. The relative pro- 
portions of 70 and 71 were unchanged on deuteration. 

The product distribution of the deuterated 2-methyl- 
methylenecyclopropanes (78 and 72) separated by the 
preparative gc is given in Table 10. It was found that 
the degenerate rearrangement 78 z a does not proceed 
under the normal reaction condition as indicated by the 
last two entries in Table 10. They considered the 
possibility that 76 produces specifically 78 (77 pro- 
duces 79) and that the excess vibrational energy produced 
in such unimolecular decomposition is not quenched 
sufficiently rapidiy to prevent the formation of either 
79 or dideuterated 71 from 76 (78 or dideuterated 71 
from 77). Nevertheless, the results allowed them to 


conclude that the orthogonal singlet diradical 80 cannot 
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Table 10 
Deuterium distribution in the deuterated 2-methylmethylene- 


cyclopropanes produced from the thermolysis of 76 and 77 at 


160°C (11) 
DLStruputei on... 
. a nt: ae 
Method Time 
Ont 
Reactant analysis (h) D5 L2G 
78 719 
Lom l 74 +1 2641 
D 
2 ¢ + : 
ven Hane 1 Tow hi 24 +1 
iG 
Liimr 1 2241 7841 
D 
2 SFE 1 Toh al mal eal 
N=N 
Li 
78:79 limmr 0 Hoh cee ak 96 4 1 
74-79 lin 1 73°47 Gia 
78:79 Lime P oe 27 +1 


be the principal intermediate on the product determining 
pathway. It should be noted that their analysis, by 
oe of the small amount of dideuterated isomers of 


ethyilideneeyclopropane 71 lead them to suggest that the 
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principal isomer produced from 76 may be £-2,2-di- 
deuterioethylidenecyclopropane (81) and that from 77 


may be Z-2,2-ddeuterioethylidenecyclopropane (82). 


Dy Do 


81 82 
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They were also concerned with the implied steric 
factor in the thermolysis of 76 and 77 and were led to 
speculate that the carbon-nitrogen bond syn tor armethyl 


group of an exocyclic double bond may be lagging in the 


bond breaking process. The support for this came from 
the comparison of the thermolysis rates of 4-methylene- 
l-pyrazoline (30) and 4-isopropylidene-1l-pyrazoline (O17 
the latter being a third the rate of the former and 

from the tact Chat thermolysis Of “353,5, 0-cetLlamethyl— 
4-methylene-l-pyrazoline (62) is 32 times faster than 
that of 4-isopropylidene-3,3,5,5-tetramethyl-l-pyrazoline 
(65), as indicated in Table’ S$. A normal mode of the 
reaction coordinate would be expected to consist of the 
C-N stretching and consequently the possibility of steric 


compression being an important factor led them to 
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investigate the thermolysis of the 4-neopentylidene-1l- 
pyrazoline (83) and the #-3,3-dideuterio—4-neopentyl- 
idene-l-pyrazoline (84). The results of the thermolysis 


of 83 and 84 are given in Table 1l. These data were 


Table ll 
Product distribution in the thermolysis of 4-neopentyl- 


idene-l-pyrazoline and E-4-neopentylidene-1l-pyrazoline- 


3,3-d, aie LOO Ae Ct LW) 
Seareang 
material Relative yields, % 
N=N 
83 85 86 
95.6 Aree 
D5 
Dy 
N=N D5 
84 87 88 
70* 30* 


*Deuterium distribution in the deuterated 2-neopentylidene- 


l-pyrazoline was measured only. 
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considered to be an indication that the syn-ant?t rela- 
tionship between Ryser atl group and the methylene group 
of the ring is important and that there is a preference 
for the carbon antz to the alkyl group to become 
incorporated in the cyclopropane ring along with the 
exocyclic methylene of the product. It should also be 
noted that the thermolysis products of 84 are analogous 
to those of the £-3,3-dideuterio-4-ethylidene-l-pyra- 
zoline (76), thes Patio, of 87:88 being 70:30 (the ratio 


of 78:79 was 74:26). 


(vi) Thermolysis of F- and Z-Ethylidene-3-methyl-l- 


pyrazoline (89 and 90); F-4-Ethylidene-3-trideuterio- 


methyl-l-pyrazoline (95); F-4-Ethylidene-3,3-di- 
methyl-l-pyrazoline (98); and ets- and trans-4- 


EChyY | vdene—3,,5-dimethnyl -l-pyrazoline (103 and 104) 


~~ Nw 


Crawford and collaborators (11) investigated the 
thermolysis of the pyrazolines 89, 90, 95, 98, 103, and 
104 ineordem to.Lulther test. che Criteria sthat: the 
carbon-nitrogen bond syn to an alkyl group of an exo- 
cyclic double bond lags in the bond breaking process 
and that there is a preference for the methylene carbon 
GF ChespVtazOliner cing aire. COsthe val Kyl group Gee tie 


exocyclic double bond to be incorporated in the cyclo- 


propane ring of the product. 
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The thermolysis of F- and Z-4-ethylidene-3-methyl- 
l-pyrazolines (89 and 90) gave the same four products 
91, 92, 93 and o4 but in very different proportions. 
Some of these products were found to isomerize slowly 
under the thermolysis conditions and therefore the zero 
time values were obtained by the graphical extrapolation 
of the values at various thermolysis times. These zero 
time values are given in Table 12. The authors were 
able to identify the point of origin of the exo-ethylidene 
in the thermolysis of 89 by analysis of the deuterated 
E-2-methylethylidenecyclopropanes (96 and 27) from £-4- 
ethylidene-3-trideuteriomethyl-l-pyrazoline (95). The 
resulcs in Table, 12 indicate clearly that the C, carbon 
Of 89 becomes a cyclopropane ring carbon in at least 
342, 0n, thesproaducts (25.187 54.454 2020 x 0235)2 —the 
exocyclic carbon Ce of 89 becomes a cyclopropyl carbon 
in 902 of the products) (23.1) 5445. -— 20.00% 0265) Vand 
the Co methylene of 89 is less than 23% of the products. 
THEVANCOrpOraclon Of the Ce methylene of 90 into the 
cyclopropane fang OL the products: was Eound Co be 67%. 

As in Table 13, f£-4-ethylidene-3,3-dimethyl-l- 
pyrazoline (98) was thermolyzed to give in excess of 
70% of the thermodynamically least stable product 99 
again with over 842 0(/ 15 4 1275) “of C3 of the reactant 
98 becoming a cyclopropane carbon in the products. The 


exocyclic ethylidene C, becomes incorporated into-a 
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Table 12 
Percentage of isomeric products from the thermolysis of 
E- and Z-4-ethylidene-3-methyl-l-pyrazoline; and F-4- 


ethylidene-3-trideuteriomethyl-l-pyrazoline at 170.0°C (11) 


yield, ¢% 
Stapting DE 
cD, 
oF 92 96 94 96 97 

235.1 54.5 2020 2.4 
N=N 
89 

EG 5 L335 Shs) Boo 
N=N 
90 

Ev, 65* 30% 

N=N 
95 


*Deuterium distribution was measured only in the deuterated 


E-2-methylethylidenecyclopropane. 
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Table 13 
Percentage* of isomeric products from the thermolysis of 


F-4-ethylidene-3,3-dimethyl-l-pyrazoline at 170°C (11) 


Weld. 4 
Starting 
material 
- 99 100 £01: 102 
We. G0 eZ 0.0 
N=N 
98 


* 
Byegraphical extrapolation to Zero time values~ 


eyclopropy! carbon in greater than, 872 (71.5 + 416.0) of 


the products. 
ets- and trans-4-Ethylidene-3,5-dimethyl-l-pyrazolines 


(103 and 104) were synthesized in almost equal amounts by 
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the addition of diazoethane to 2,3-pentadiene. One of 

the isomers was faunas undergo thermolysis at a rate 

Significantly faster than the other thus allowing the 

isolation of the less reactive one. The slower isomer 

had been assigned the ets configuration (103) on the 
3 


basis of ey and Cmr spectra. The products of the 


thermolysis of 103 and 104 do not appear to give any 


Mixture of + 
102'C 
943.6% £03. and. ——_—____________ = 
ss 30° min 
5 106 
5.4%. 1.04 ne Rees 
LAs Shope 


important information at this stage. 

The authors were also concerned with two possibilities. 
Firstly, the pyrazolines 69, 76 and J dis the pyrazoline 
98 or the pyrazolines 89, 20 and 95 might produce one 
product stereospecifically, followed by a degenerate 
thermal rearrangement to give other products due to 
chemical activation. Secondly, the pyrazolines 76 and 
77 or the pyrazolines 89 and 90 might interconvert by 
thermal isomerization. However, some of the problems 
of such hot molecule chemistry can be discounted by the 
observations that the principal isomer produced from 76 
is 81 (82 fiom 77), that there 12s) so bittle of 2a present 
in the thermolysis of 89, that the control experiments 


with 89, 90 and 95 did not give any isomerized pyrazolines 
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in the recovered samples, and that no 102 was found in 
the thermolysis of 98. 

As mentioned previously, Berson and collaborators 
(6a) have observed an allylic rearrangement of the 


bicyclic pyrazoline 36 suggestive of a one-bond azo 


CHC N 
pace teesh Bee aes ye! 
NY DOGG N 
N 
36 4l 
cleavage mechanism. Crawford and collaborators (10a,11) 


have carried out the control experiments on the previously 
studied pyrazolines 30, 27, 68, 69, 83, 90, 95 and 98, 

and in no case have they been able to observe the analo- 
gous rearrangement since each sample was recovered 
essentially unchanged even though tautomerism of 57, 

69, 83 and 98 prevented a definitive statement. The 
authors suggested the possibility that the cleavage of 


the second carbon-nitrogen bond is easier than rotation 


N \ Aaa: LOtatiOn =p BSN 
R Mu aes Ne 
N Nd and 
rebonding R 


“predaucts 


eft en > atoderotacion find en ahwesy | sige rye ena 
43 pp ednamd segs fartnap ot sum bokszao 8 
ce 0B TER! RA 482 Lhe atetfosexye * 


; ve 
silt seredde Of nies peed ceed tad ooay on aE DB 
bw tu tone Baw, ot dines as 2oyat Shomepiat 168s : . 
<> oy pe bysneadee’ dptedt® ade Hogmmtony yt twoesm 


eit’ ‘qihod ave 99 3 snb lee . Soor@ivEetg ae Arts ee 2 
Io. spevesd so oat int yee Coie pop ett Aa taeguers “ae BS 
ntuat Tope sice-redtas Baebes “> 


PESUALVS LQ Hs 


Ec fy 


Aolwte toy “dete soteed ge 


eck 


70. BO 4 


\’ y BD 
A -— 


” exitaotes 


—— oe | 
“" sin=tosg = a 


47. 


and rebonding <3 the exocyclic alkylidene in the more 
planar monocyclic pyrazoline, but that the recombination 
to 41 can be facilitated in the bicyclic system 36 since 
the exocyclic isopropylidene group is much closer to the 
diazenyl nitrogen because of folding. 

Although the authors attempted with limited success 
to use both the planar and orthogonal Singlet TMM di- 
radicals in the thermolysis of 4-alkylidene-l-pyrazolines, 
failure to develop a consistent pattern led them to 
suggest that nitrogen is implicated in the stereochemistry 


of the formation of the products. 
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OBJECTIVE 


Assuming concerted two-bond cleavage for the thermoly- 
sis of the various 4-alkylidene-l-pyrazolines (10a,11,32), 
the product distributions cannot be rationalized in terms 
of a planar singlet trimethylenemethane (TMM) intermediate, 
nor, with a few exceptions, can they be reconciled in terms 
of an orthogonal singlet TMM intermediate. The product 
distributions which can be interpreted as arising from an 
orthogonal TMM intermediate are those from the thermolysis 
of 3,3-dimethyl-4-methylene-l-pyrazoline (56), 4-isopropyl- 
idene-l-pyrazoline (57) and 3,3,5,5-tetramethyl-4-methylene- 
l-pyrazoline (62). 

In the cases of 4-methylene-l-pyrazoline (30), 


4-methylene-1-pyrazoline-3,3-d., (42) and 4-methylene-1- 


a 


pyrazoline-3,3,6,6-d, (43), the kinetic data and the 


4 
product distributions (see Table 5 and 6) can be rational- 
ized in terms of a planar TMM intermediate (10a). Assuming 
two secondary deuterium kinetic isotope effects, one in 

the rate determining step (i.e., the step involving 
cleavage of the two C-N bonds) and the other in the product 
forming step, the values of the former isotope effect can 
be obtained from the kinetic data, and those of the latter 
aS0tope Grrect from the product distribution data. 


On the basis of the magnitude of the isotope effects 


from the kinetic data and the observed SAG per a-deuterium 
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Of 10 = 6 cal mol”, being within the frequently observed 
value of 90-120 cal mol! (26,27), both C-N bonds appear 
to break in the rate determining step (10a). However, a 
stepwise one-bond cleavage pathway cannot be ruled out 
unless the value of 5AG™ per a-deuterium via this pathway 
becomes much larger than 120 cal mole 4-Methylene-1- 
pyrazoline-6,6-d, (107) and 4-methylene-1l-pyrazoline- 
373,5,5-dy (46) should thus be prepared. The values of 
SAG per a-deuterium via both two-bond and one-bond 
cleavage pathways could then be estimated from the complete 
Kinetic data Of the thermolysis of 30, 42, 43, 46, 107 
and 4-methylene-1l-pyrazoline-3,3,5,5,6,6-d¢ (44) using 
the method described in the literature (7f) for nondeuter- 
ated and deuterated l-pyrazolines. 

in. ehe product forming S456, the values of the isotope 
effect for the rotation of the deuteriomethylene group 
of the planar TMM to the ring methylene were obtained as 
Poon 0. UG Lor 42 abate be Shay Qu alla) ( ae axons 43 uSing the 
Produce Cistributi0n data in Table 6 (10a).- These values 
are, surprisingly, comparable to the theoretical value, 
ky/Kp = 1.414, derived from classical inertial argument 
that, cor algiven anpuc of thermal venergy,. Chevratioeor 
ENG 2 Obarion Ofra CH, groups to the rotation of a CD, 
group Will be in anverse proportion tothe *square root 
OL EhGiEC moments of inertia (25b). It would thus be of 


considerable interest to examine the product distributions 
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in the thermolysis of 46 and 107 Since the product ratios 
from 42 and 107 vou iene expected to be the same and so 
would those from 43 and 46. 

A similar treatment to the above failed when applied 
to the product distributions from the thermolysis of £- 
and Z-4-ethylidene-1-pyrazoline-3,3-d, (76 and a) (see 
Table 10) (11). The implied steric effect by a methyl 
group of an exocyclic double bond may have significantly 
altered the mechanism, e.g., the carbon-nitrogen bond 
syn to a methyl group may be lagging in the bond breaking 
process. An answer to this speculation would be provided 
by investigating kinetics for the thermolysis of 4- 
ethylidene-l-pyrazoline (69) and its dideuterio deriva- 
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RESULTS 


A. Syntheses 

D'yakonov (37) saecwina 4-methylene-l-pyrazoline 
(30) for the first time by the addition of diazomethane 
to allene. It was obtained in low yield due to forma- 
tion of tautomers (4-methylene-2-pyrazoline and 4-methyl- 
pyrazole) and unidentified high boiling compounds. A 


superior yield (65%) was obtained by using a large 


He=C=CH, + CH No rik 


excess of allene in accord with Cameron's procedure (35). 
The Sa shige spectrum of 30 (Figure 1) was taken in 


benzene-d Since it was found that most of 4-alkyl- 


6! 
idene-l-pyrazolines isomerize slowly at room temperature 
an’) chloroform but are stable in benzene for a day or so; 
The Fourier transform infrared spectrum (FTIR) of 
gaseous 30 (Figure 28) has no absorption above 3100 an 
indicating the absence of any nitrogen-hydrogen bonds 
of tautomers. The bands at 1552 and 1685 cm? are con- 
Sistent with the stretching modes of nitrogen-nitrogen 
and Carbon—-carben, double’ bonds. 
Pure 30 could be stored at —40°C under argon 


atmosphere for a month without any noticeable formation 


of tautomers. 
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Preparation of 4-methylene-l-pyrazoline-3,3-d, (42) 


was accomplished by the addition of diazomethane-d, to 


2 
allene as described by Cameron (35). The FTIR spectrum 
ee D 


of gaseous 42 (Figure 30) shows the bands at 1051, 2142 
and 2213 cm? which are not present in the spectrum of 
30 (Figure 28). These bands are consistent with the 
bending and stretching modes of an a-carbon-deuterium 
bond. 

The deuterium content was estimated to be 97 + 1% 
by 100 MHz Lime spectroscopy (Figure 2). We were able 
to determine the more reliable isotopic purity of 42 
by the comparison of the mass spectra, at low ionization 
potential, of methylenecyclopropane (31) and the mixture 


of non- and deuterated methylenecyclopropanes produced 
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from the thermolysis of 30 and 42. The mass spectrum 
of 31 has a very peat M-i) peak), only 1.183 of the 
molecular ion peak (M), and an M+l peak, 4.39% of the 
M peak, comparable to the carbon-13 natural abundance 
(1.08%:x 4 = 4.32%) as indicated in Table 14. However, 


iey Shouldsbe noted.that: the asotopic purity of 42 could 


Table 14 
Fragmentation data from low ionization potential mass 
Spectra of the methylenecyclopropane sand the mixture of 


nondeuterated and deuterated methylenecyclopropanes 


Intensity, 3 


s A RA 


31 31 
5:4) Wes darsy (ES), 

54 100 (M) Ona 2 

eae, 4.39 (M+1) eMee ky 

56 0513 (M+EZ) 100 

Dy, 4.36 

58 Ono 


not be determined directly from the mass spectra of 30 


and 42 due to the very large M-1l peak indicating extreme 


~~ 


ease of fragmentation even at low ionization potential. 
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The fragmentation data on 31 in Table 14 was used 
as a standard in the Eee Gf the Tsotoule purity 
of 42 instead of the carbon-13 natural abundance. 
Assuming the same fragmentation pattern in the mixture 
of non-, mono- and dideurated methylenecyclopropanes as 


in 31, and defining their relative mole ratio as R 


fel f 
0 
Raareana Ra ; the davay ani Table, 14 would give 
cal 2 
O.72,= R, + OF OLLs Rg (eq. 3) 
0 ik 
6.17 = 0.0439 Ra + Ra +07, 011-3 Ra (eq. 4) 
0 aL 2 
and 200° "= 0.0013 R + 0.0439 R as R (eqa.5) 
qo oth a5 


The simultaneous solution of these three linear equations 


gives R = 0.5667, R =a 965. and 4k = 99.83 which were 
do dy d. 


then converted into percentage ratios to give Do = 0.633, 


Dy. = 4.70%, and Ey = GAwol Ss. Wa thean: LSOCODLG spUrLi OF 
oO, 026 Lor 22 
The same calculations on the data from three 


independent samples were carried out to give the average 


values: Do S20) 26et> OL, Dy i460. 2) Osbt. cand D5 = 
O46. ah eeaWL El) wall SOLO lO). pir iit a9 fae Otel OCOr 
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4-Methylene-1-pyrazoline-3,3,6,6-d, (43) was prepared 
by the addition of drazomechane sto allene-d, aCCOrding to 
Cameron's procedure (35). Similarly, the addition of 


diazomethane-d., to allene-d, gave 4-methylene-1l-pyrazoline- 
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(Figure 31) shows bands at 709, 2230 and 2331 cm) which 
are not present in the spectrum of 42 (Figure 30). These 
bands are consistent with the bending and stretching 
modes of a y-carbon-deuterium bond. The FTIR spectrum 
of gaseous 44 (Figure 33) shows the absence of the bands 
AEP A205 2858 and) 2940 ems present in the spectrum of 
43 (Figure 31) and indicating the bending and stretching 
modes of an a-carbon-hydrogen bond. 

The deuterium content on 43 was estimated to be 
es be ME Doyle SAR OKO ules lim Spectroscopy (Figure 3). The 
mass spectra at low ionization potential were analyzed 
in a way analogous to that previously described to give 


LSOCODEC DU CLES. ot <9 fre lia Ones (Dy = On Si, Dy = 052, 


D. = 1.6%, D3 = 6.015 Da = 9122) for 43, and 96.9 2° 0.15 
(Do = i0).:0); Dy = 0.0; Do == Oy D3 = Ol, D, =e 
De = 14,4, and Dé = 83.7) LoEr-44. 
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Figure 1 


Or 


We successfully synthesized, for the first time, 
4-methylene-1-pyrazoline-6,6-d, (107) and 4-methylene- 


L-pyreZzoline=3 3, 5,020, (46). 


4 
Compound 107 was prepared as outlined in Scheme l. 
5-Nitro-5- (hydroxymethyl) -2-phenyl-1,3-dioxan (108) 
(Figure 4) was obtained by the acid catalyzed condensa- 
tion of tris-(hydroxymethyl)nitromethane with benzaldehyde 
by the procedure of Scattergood and Maclean (38). 
Hydrogenation of 108 with Raney-nickel, as described 
by Malei and Raphael (39), furnished 5-amino-5-(hydroxy- 
methyl) -2-phenyl-1,3-dioxan (109) (Figure 5). The 
oxidation of 109 with sodium metaperiodate was followed 
by the sublimation of the resulting 5, 5-dihydroxy-2- 
phenyl-1, 3-dioxan (110) to produce 5-oxo-2-phenyl-1,3- 
dioxan a) in very low yield (39). The yield of 111 
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HO~ LOH 


110 
can be increased to 85% by vigorous stirring of a solu- 
ELON Containing 109, sodium metaperiodate and dichloro- 
methane buffered at pH 6. Without buffering the pH 
increases and the yields are reduced. Dichloromethane 
serves to extract the ketone 111 leaving the gem diol 
110 in the aqueous phase. The ketone 111 can be stored 
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at -40° in an inert atmosphere for months. At room 
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temperature it slowly deteriorates to a yellow oil having 
the odour of Doneeaen ee Recrystallization from 
pentane immediately before use is recommended. 

Treatment of eves with methylene-d.-triphenylphosphorane 


produced from the reaction of methyl-d,-triphenylphos- 


3 
phonium bromide with n-butyllithium according to an 
adaptation of the procedure of Malloy, Hedges, and 
Fisher (40) furnished 5-methylene-2-phenyl-1,3-dioxan- 


7,/-d (112) an GOS yield. Tt should be noted that the 


2 
deuterium content of 112 varies from 65 to 95% depending 
on the dryness of solvent (1,2-dimethoxyethane) and the 
ratio of reactants. A procedure in which the DME was 
distilled over lithium aluminum hydride three times 

under an argon atmosphere immediately before use, and 
methyl-d,-triphenylphosphonium bromide, n-butyllithium 
and vel were reacted in the approximate mole ratio of 
224, tele) ang 1 00lgave Optimum yteldas. 

The deuterium content of 112 was estimated to be 
Sorat by LOO MHZ dim spectroscopy (Figure 8). The 
mass spectrum at low ionization potential was analyzed 
totgivesan LSotopic purity of 9Sr els (Do = 0.9, Dy ee er be 
and Do = 91.2) based on the M-77 peak, since there was 
ay.very large: Ml peak. ~The integracion of the 13.6 MHz 
2 amr spectrum (CCl,) corresponds to more than 99.8% of 


the total deuterium at the exo-methylene position, 
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Hydrolysis of 112 by ammonium chloride in water 
and methanol gave 2-(methylene-d,) -1,3-propanediol (113) 
in 85% yield. The deuterium content was estimated to 
be 95 + 1% by 100 MHz Pane Spectroscopy \(higure 14). 
The extreme ease of the fragmentation as indicated by 
the low ionization potential mass spectrum prevented 
the determination of the isotopic distribution of 113. 

Since the subsequent steps for the preparation of 
the pyrazoline 107 from the diol LES shown in Scheme l, 
were applied in the same manner to obtain 4-methylene- 
1l-pyrazoline-3,3,5,5-d, (46) from 2-methylene-1,3-pro- 
panediol-1,1,3,3-d, (120), TELS CONnvenient av this 
point to consider the synthesis of 120. Scheme 2 shows 
the full synthetic route to 46. 

Diethyl methylenemalonate (117) was prepared by 
the condensation of diethyl malonate with paraformaldehyde 
by the procedure of Bachman and Tanner (41). Diels-Alder 
addition of 117 to freshly prepared cyclopentadiene was 
Carried oul Eo, furnish 5,5-dicarbethoxy—2—-norbornene 
(118), boslO7=!08.5°C/2-5. Torr. Mihe structure rol 118 
was confirmed by microanalysis, hae (Figure 10) intrared 
and exact mass measurement. 

Lithium aluminum deuteride reduction of the ester 
118 furnished 5,5-bis- (hydroxymethyl-d,) -2-norbornene 
CLUS) in 625" yreld., The deuterium content mf 119 could 
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not be determined by Lim spectroscopy since a water peak 
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interferes with the methylene peaks of 5-hydroxymethyl 
groups as in Figure 12 even though this spectrum indicates 
high isotopic purity. The mass spectrum at low ioniza- 
tion potential shows the extreme ease of fragmentation 
making it impossible to estimate the isotopic purity. 

Diol 119 was pyrolyzed at approximately 500°C using 
an adaptation of the procedure of Corey and Suggs (42) 
producing 2-methylene-1,3-propanediol-1,1,3,3-d, (120). 
the deuterium content of 120 was estimated to be 96 + 1% 
by 100 MHz dame spectroscopy (Figure 15). 

3-Chloro-2- (chloromethyl) propene-1,1-d, lee), was 
prepared in 52% yield by substitution reaction of the 
aol 113 with triphenylphosphine and carbon tetrachloride 
in tetrahydrofuran using an adaptation of the procedure 
OLE, HOooZ ane Gilani (43) 48 The. l3.6°MHz eae spectrum 
(CCl,) of 114 indicates more than 99.8% of the total 
deuterium to be at the exo-methylene position. The 
deuterium content of 114 was estimated to be 95 + 1% by 
100 MHz lime Spectroscopy (Figure 1/7). ~The mass spectrum 
at low ionization potential was analyzed and gave an 
LTSsotopLespuusiiy or 94 2 1e (Dp = 1.8, Dy = 9.0 and 
D, = 89.2) based on the molecular ion peak. 


2 


Bromination of 113 has been attempted; however, 
Significant scrambling between!) the;deuterium at the 
exo-methylene and at the ring methylene position was 


observed in the Lime Spectrum of the, vesulting dideuterated 
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3-bromo-2-(bromomethyl) propene. 
3-Chloro-2- (chloromethy1-d,) -propene-3,3-4, (121) 
was synthesized from the diol 120 in a manner similar 
to the synthesis of the dichloride iia frome tie diol 
T10. The deuterium content of 121 was estimated to 
besJo 2 1% by LOO 7MEZ Timer Spectroscopy (Figure 18). 
The low ionization potential mass spectrum indicated 
aio SUcOplLe Durty «or, 9013s Le (Dy = 10.0) Die OOF 
te v6 sand Da RES he 
1,2-Dicarbethoxy-4-methylenepyrazolidine (125) was 
prepared in 70% yield via cyclization of 3-chloro-2- 
(chloromethyl) propene (124) with sym-dicarbethoxyhydrazine 
in the presence of sodium hydride in hexamethylphosphor- 


amide using an adaptation of the procedure of Rubottom 


and Chabala (44). The structure of 125 was confirmed 
cl Cl N—-N 


EN 
EtO.C CO,Et 


124 25 
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by microanalysis, asin (Eagure 29), inthacea amd exace 

mass measurement. 
1,2-Dicarbethoxy-4-methylenepyrazolidine-6,6-d, 

(115) and 1,2-dicarbethoxy-4-methylenepyrazolidine-3,3,5,5- 


d, (122) were prepared from the corresponding dichlorides 


4 


14 and 221 by a procedure similar to: the preparation of 
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the ester 125, the 3.6 MHZ 2 mr spectra indicate the 
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absence of deuterium Scrambling by only showing either 


the peak of exo-methylene deuterium for the ester 115 
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or that of ring methylene deuterium for 122. The 
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deuterium contents of 115 and 122 were estimated to be 

94 4 1% and 95 + 1% respectively by LOO MHz Lem spectro- 
scopy (Figures 20 and 21). The mass spectra at low 
ionization potential were analyzed to give isotopic 
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90.2) for 115 and 95 + 1% jee Oe OF Daa 0 Ord 
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Daa 8 wand Dats SS.) fer 122 based on the molecular 
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ion peaks. 

Hydrolysis of the ester 125 with potassium hydroxide 
and subsequent treatment of the resulting 4-methylene- 


pyrazolidine (126) WiLheayadcoch LonrtGcweacita bysantedapta— 


tion of the procedure of Crawford and Tokunaga (10a) 
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furnished 4-methylenepyrazolidine hydrochloride (127), 


tyw~ww 


mp 112-114°C in 88% yield. The microanalytical and 
spectroscopic data are consistent with the structure 
Lake sie Lime spectrum is presented in Figure 22. 
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4-Methylenepyrazolidine-6,6-d, hydrochloride { 


and 4-methylenepyrazolidine-3,3,5,5-dy hydrochlorid 23) 


were synthesized from the corresponding esters 115 and 
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122 in a manner analogous to the hydrochloride 127. 


The deuterium contents were estimated to be 94 + 13 for 


116 and 95 + 1% for 123 by 1 


y~nw 


Hmr spectroscopy (Figures 
23 and 24>).. 


Pinaliy, Oxt0acion Of che hyarochtorides 116 and 
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123 with red mercuric oxide gave 4-methylene-l-pyrazoline- 
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6,6-d. (107) and 4-methylene-1-pyrazoline-3,3,5,5-d, 
(46) respectively (10a). The 13.6 MHz Aes spectra 
indicate more than 99.8% of total deuterium at the exo- 
methylene position for 107 (Figure 25) "and at the: ring 
methylene position for 46. The deuterium contents were 
estimated to be 95 + 1% for both 107 and 46 by 100 MHz 
lomr spectroscopy (Figures 26 and 27). The mass spectra 


at low ionization potential were analyzed and gave 


LSOECDIC PUbilties. OF 95. 082 Osis By 8 Dy = 9.2 


and D5 = J034) for LO @ and, 95.4 feaO0Urs (Dp = 0. O:, Dy = 
020; Be = Sie D3 = 2.0 and Dy, =e70.. 4) sLors:4ibe 


The FTIR spectrum or ‘gaseous 107 (Figure 29) shows 
bandssat- 712% 2224 and, 2330 em + which are not present 
in the spectrum of 4-methylene-l-pyrazoline (30), Figure 
28. These bands are consistent with the bending and 
stretching modes of a y-carbon—-deuterium bond. The 
FTIR spectrum of gaseous 46 (Figure 32) "indicates the 
absence of bands at 1422, 2860 and 2942 sin present 
in the spectrum of 4~methylene-l-pyrazoline-3,3-d, (42) 


(see Figure 30) and representing the bending and 
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stretching modes of an a-carbon-hydrogen bond. 

An assignment Bf the major frequencies from the 
FTIR spectra of the nondeuterated and deuterated 4- 
methylene-l-pyrazolines has been attempted with limited 
success as in Table 15 by comparison with those of 
l-pyrazoline, methylenecyclopentane, methylenecyclo- 
pentane-2,2,5,5-d,, methylenecyclopentane-2,2,5,5,6,6- 
de, ethylene, ethylene-1,1-d, and ethylene-d, (25,46, 4:7) 
The bands representing the C-N stretching modes were 
tentatively assigned as in Table 15 by comparing the 
ir spectra of 107, ue and ee (Byqures 829 763) wands 33), 
Since these bands are shielded by the large band represent- 
ing the wagging mode of the y-carbon-hydrogen bond (=CH,) 
inane ic Spectra of 30, 42 and 46 (Figures 28, 30 and 
32). The results in Table 15 can be regarded as important 
evidence supporting the structure of the nondeuterated 
and deuterated 4-methylene-l-pyrazolines. 

The deuterium contents of the deuterated 4-methylene- 
l-pyrazolines obtained as described previously by the 
analysis of the mass spectra are summarized in Table 16. 

Crawford et al. (48) were able to synthesize 
4-ecny lidene—l—pyrezoline (69) by thesreqaospecitic 
addition of diazomethane to 1,2-butadiene. Similarly, 
E-4-ethylidene-1-pyrazoline-3,3-d, (7G) Sand ]2—e-eeny i 
idene-1-pyrazoline-3,3-d,5 (77) were prepared by the 


addition of diazomethane-d, to 1,2-butadiene, and 
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Table l6 
Deuterium contents of the deuterated 4-methylene-l-pyra- 


zolines from the low ionization potential mass spectra 


D2 Dy D, 
Compounds a A“ op, ao YP, ane 
N=N N=N N=N N=N 


N=N 
42 Ory, 43 46 44 
Deuterium 
G20 95-0 OFee O54 96.8 
content, $% £ Oil Ores a4 eel OL fa eel: 
Po aGia= CH + CH,N, arsed 
H N=N 
69 
H.C, 
aoc CCl, + CD,N, —_—_» a + Dy 
H N=N N=WN 
76 aah 
Synthetic route I (major) (minor) 


~~ ~~ 


H.C, 
I=iGe= Gye CH Ny pe ee On yy 
H 


(minor) (major) 
Svnelewresrouce.: 1) 


ee 


diazomethane to 1,2-butadiene-1,1-d, respectively 
(synthetic routes I and II). We applied a similar 


procedure successfully to the synthesis of 4-ethylidene- 


1-pyrazoline-3,3,5,5-d, (2268)5. Thus; diazomethane-d, 
HC. 
f=C=CD, + CDN, ————+ DBD, ee 
H N=N 


was added to 1,2-butadiene-1,l-d 


Earlier SS ae and 100 MHz 1 


2° 
Hmr spectra of 76 and 77 
led Crawford et al. (48) to assign the structures of 
these compounds, and to suggest that they were produced 
in high stereospecificity. A re-examination of these 
compounds using 400 MHz Lim and 2 amr demonstrates that 
some 77 is present from the synthesis of 76, and vtce 
versa (see spectra in Figures 36, 38, 40 and 41). The 


400 MHz + 


Hmr spectrum (Figures 34 and 35) of 69 shows 

a clear separation between the signals of the ring 
methylene protons anti and syn to the methyl protons of 
the 4-ethylidene group. Interestingly, it was observed 
that the 400 MHz tem spectrum of 69 shows such separa- 
tion only in benzene-d¢ medium, but not in chloroform-d. 
The lamr and 2 amr spectra of the product mixtures from 
synthetic routes I and II (Figures 36-41) and the Lm 


spectra of 128 (Figures 42 and 43) enabled us to assign 


all the signals and coupling constants of 69 as indicated 
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in Table 17. The magnetic resonance signals of protons 
Hy and Ho were observed at 64.40 and 64.48 respectively 


indicating a shielding of the proton H, by the ansiotropic 


b 
SHEE H (d) 
H H 
(b) (c) 
H H 
N=N 


69 


Hy 2 Ling methylene proton syn to proton Ho: 


Ha : ring methylene proton anti to proton Ho: 
Table. iy/ 
400 MHz Se data for 4-ethylidene-l-pyrazoline 
Proton Chem Gabesnivetic, Type of Coupling 
STMS Signal constants 
(benzene-d¢) 
He tk doulbet of a2 = SOju 0) iS 
slight multi- 
plets 
Hy 4.40 doublet of J = 2.20 Hz 
ab 
QuUaEeceCES 
Hy 4.48 pentet Jing =—sl.65 HZ 
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CAE ae al ga 


effects of the o electrons of the C-C bond ain the 


a. 


r aT) 9 i) i > a 
. oo 404 | fa cj na won 
( AoJOoe 4 * 
Ey 


Jose ono Rileere ‘ends, ae | ; 
oH 


é ** 
fm eeoae..07 1 ) 


at 
; i] , - 
ru ¢ 
bat Es J 2% dant me” shite 
=a a oe A b bigs a 
: 7 aie ‘ io ie Po es : 
ieee | , Iff4>.4 ai ef w* ating | 
29265 Le hea saint 
—— 4. es} ee oo 


f i] 2b. %. 
} pulp hebbe . 

~?4 Cor adele : 

| ovate 


; wh ‘ h tad a” | 
¢ bet ae | | as 
sth OS. 8 ds * 4 ten . . 
Bs topad 
“ ae | as | 
. , ar 4o21 < a4 we 
ae | ¢ ede Stat 
c . : e les Lie ye 


A-ethylidens group of 69, and the coupling constants in 


Table 17 are comparable to the values of J J J 


ab) we eac. seed 


Oi = 0-3 Hz and am = 4-10 Hz from the literature (49). 


cd d 
1 


it was found from integration of the 400 MHz ~“Hmr 
(54.4 MHz 2umr) spectra that the relative mole ratios 
of 76:77 are 92:8 (90:10) in mixture A derived from the 
synthetic route TP, and 7793 (9:91) in mixture 8B from the 
synthetic route Ir. The deuterium content for 128 is 
Oro Ls, as andicated ineTable 138.. 

A comparison of the low ionization potential mass 
spectra of the deuterated ethylidenecyclopropanes 
from the thermolysis of the mixtures led us to estimate 
the deuterium contents to be 96 F 1% for mixture A, 
Viet Atehom MaxtuLe bi and, 960.) 12 tor 128 as in Table 
18. The deuterated ethylidenecyclopropanes were 
separated from the deuterated 2-methylmethylenecyclo- 
propanes: bY preparativergce. Since the mass’ spectrum of 
the latter shows a large M-1l peak, the analytical results 
from the former compound are used as an indication of 
ISOLOpic purity Of the latter." Combining’ the’ results 
from the 400 MHz ee ee MHz a Tne and mass spectra, we 
obtained the isotopic purities as shown in Table 18. 

3-Methyl-4-methylene-1l-pyrazoline (68) was prepared 
according tO the procedure, of Schrijver (34)- by vehe 
addition Of diazoethane to allene. | 2=Diazopropane was 
added to allene to furnish 3,3-dimethyl-4-methylene-1- 


pyrazoline (56). The procedure of Crawford and Tokunaga 
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(10a) was modified in that the acetone hydrazone in the 
reaction mixture was removed by extraction with water 
followed by fractional distillation to give 56 containing 
13% acetone azine as assessed from the ~“Hmr spectrum 
(Figure 45). This mixture was used without any further 
purification in the kinetic experiments since the acetone 
azine is known to be stable under the thermolysis condi- 


Ei1ons ese. 


4-Isopropylidene-l-pyrazoline (57) was synthesized 


according to the procedure of Crawford and Tokunaga (10a) 
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E-3-Methyl-4-ethylidene-l-pyrazoline (89), and 


Z-3-methyl-4-ethyledene-l-pyrazoline (90) were prepared 


PCO CH eG CH Ne 
N=N 


H 
89 
BC] GHC CHaCHs GH NG — 
N=N 
90 


as described earlier (48). 

The lism spectra of the pyrazolines 68, 26, 37, 89 
and 90 were taken in benzene-d_ medium. It was found 
that most of them isomerize slowly at room temperature 
in chloroform-d but that they are stable in benzene for 
a day or so (see Figures 44, 45, 46, 47 and 48). 

It should be noted that all the EAE ee 
pyrazolines prepared in our laboratory could be stored 


at -40°C under argon for at least a month without any 


noticeable formation of tautomers. 
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B. Kinetic Analyses 
(i) Sample Injection and Pressure Measurements 


The gas phase thermolysis reactions of the 4-alkyl- 
idene-l-pyrazolines were carried out in a 250 ml stainless 
steel reaction vessel contained in a well thermostatted 
air bath as described in detail in the Experimental section. 
The reactions were found to proceed at a convenient rate 
at temperatures between 160 and 185° with 70-92% conver- 
sion into alkylidenecyclopropanes depending on reactants 
and reaction temperatures. The reaction was always 
accompanied by isomerization of the pyrazolines to their 
tautomers, however the observed rate constants appear to 
be independent of the percent conversion of the reaction. 
A complete discussion of this point is given later. The 
temperature of the air bath was maintained constant 
throughout the reaction by a heater controlled by a 
proportional temperature controller. The long term 
stability of the bath* temperature was better than’ 20.1”. 

The kinetic results were obtained by following the 
increase of pressure with time. The pressure inside the 
reactor would be expected to be doubled upon 100% com- 
pletion of the reaction, by the formation of equimolar 
quantities of alkylidenecyclopropane and nitrogen. The 
pressure waS measured as an emf by a transducer, National 


Semiconductor LX 1702A, which was hooked up to a voltmeter 
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and a digital printer. The transducer emf was calibrated 
and was found to be directly proportional to the pressure 
used .(0-200) Torn). ) A Byrex tubing f11led with nigh 
boiling GE Silicon Oil 710 was placed between the trans- 
ducer and the reactor in order to avoid the condensation 
Of reactants at the transducer, and to eliminate any 
dead-space effects (50) during the measurements. The 
long term stability of the transducer emf was found to 

be better than = 0.002 volr Ehroughout the thermolysis, 
and an emf of 1 volt was equivalent to approximately 75 
Torr in our systen. 

Three reaction vessels were examined 1) Pyrex, 

2) stainless steel 3) Teflon lined stainless steel. The 
best results, as judged by a minimum of tautomerism, 
were obtained using the stainless steel vessel. 

Pure liquid samples (80 ul) of the pyrazolines were 
expanded into the evacuated reaction vessel from a heated 
(100°C) injection system (see Figure 49, U-tube D) over 
a period of 5 to 15 seconds to give a sample pressure of 
30-60 Torr (0.4=-0,9 volt). Prior to the injection. of 
the sample, the U-shaped injection port (D) was sealed 
ac £ 66 that maximum a2njection anto the reactor could be 
achieved. Otherwise, only a few Torr of the sample was 
introduced into the reaction vessel, since much of the 
remaining sample expanded in the wrong direction to the 


Hoke valve Fy: The highest sample pressure obtained was 
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CC.) high temperature Hoke D: 
valve 

Ee Pores or Sealing EF; 
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K: argon tank L: 
M: transducer N: 
O:) recorder 

Figure 49. Schematic diagram 
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of the apparatus used for 


the kinetic studies in the thermolysis of 


4-alkylidene-l-pyrazolines. 
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75 Torr even upon heating 200 ul of the sample in the 
injection system at 150° for longer than a minute. 
Similar results were observed with n-octane, although 
n-hexane could be expanded into the reactor quantitatively. 
The injection time of 15 seconds was the upper limit, 
Since most of the thermolysis reactions carried out had 
half-lives of 300 to 650 seconds. The thermolysis 
temperature could not be lowered below 160° since this 
led to an increase in the extent of tautomerism of the 
pyrazolines. 

Reproducible first-order kinetics were observed 
only after repeated thermolyses of the pyrazolines in 
the stainless steel reaction vessel. The percent com- 
pletion of the reaction increased dramatically from 37 
to 92% after 10 thermolyses of 4-methylene-l-pyrazoline 
at 175°, and the rate constants calculated for the next 
five thermolysis reactions were found to be reproducible 
to 1%. The introduction of air into the reaction vessel 


caused the surface to be destroyed (51,52). 
(ii) Kinetic Calculations and Analyses of Errors 


The thermolysis of 4-methylene-l-pyrazoline has 
been shown to follow first-order kinetics (10a). Fora 
process in which the pressure (P) doubles upon reaction, 


the rate constant (k) can be obtained from the integrated 
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form of the rate equation: 


in (P - sre, = -kt + in(e - P,) (eq. 6) 


where Be is the actual pressure inside the reaction vessel 


ae cime and Po is the initial pressure at time €. (53). 


O O 


The transducer "emir (BE) is directly proportional to 
the pressure used (0-200 Torr). The equation 6 can be 


expressed as 
in(E ~E, ) = -kt + const. (eq. 7) 


where ee is the transducer emf at oe (usually 8 x half-life) 


and E, is that at time t. If the rates of thermolysis 


ue 
of 2-alkylidene-l-pyrazolines follow first-order kinetics 
then a plot of In(ES - E,) versus time should be a 
straight line of slope -k. Figure 50 shows a typical 
plot of tn (hE. = E,) versus time for a kinetic run in the 
thermolysis of 4-methylene-l-pyrazoline at 165.0°. The 
thermolysis of all the 4-alkylidene-l-pyrazolines studied 
by us followed first-order kinetics. In order to obtain 


precise first-order rate constants, the data points were 


chosen between 20 and 80% completion of the reaction. 
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Figure 50. 
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Ec 
of 4-methylene-l-pyrazoline at 165.0°C. 
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The kinetic results together with the associated 
error limits were determined by an application of the 
method or least squares (54) in which the slope (m) and 
the y-intercept (b) for a linear equation y = mx + b 


are given by the equations 


m= ee Sea eS (eq. 
snp ee = (ae soe4) 
i a 
and 
Hoesen ee 
shoe epics tie 
b= aS a ee ae (eq. 
Ti Seat” OC e646) 
al ak 


Assuming that the error resides solely in Yi and that 
the values of wae all come from the same population and 
therefore have the same deviation, estimates of the 
standard deviations in the slope (oO) and the intercept 


(o)) are given by the equations 


(eq. 


and 


(eq. 


Where the Stendara deviation Of y Vs defined as ine the 
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The number of degrees of freedom in the case of the 
straight line fit is two less than the total number of 
data points. The method above is considered to be very 
reliable in our cases, since the time values are assumed 
to be correct and all the errors can be assumed to reside 
in the recorded values E,- 

The association of particular confidence limits with 
an estimated mean value implies a prediction of the 
reliability of this estimate as judged from both the 
spread of the data and the number of data in the sample 
from which the mean has been estimated. A commonly 


accepted practise is to quote the term "probable error 


(p.e.)" which is given for a least squares analysis as: 


Dp. 2.4 = 0216 7455s “Standard deviation (eq. 13) 


The probable error is the magnitude of deviation that has 
a 50% confidence limit which means that there is a 50% 
probability that the mean value is within the quoted error 
limit. The usefulness of the standard deviation as a 
predictor decreases considerably as the sample size 


decreases, but some compensation for errors involved in 
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predicting from small samples is provided by the use of 
confidence limits eal which are found by multiplying 
the standard deviation of the mean by a factor "“t“ that 
pSesebected Eromia tablesote"t" values »(55)een the basis 


of the desired confidence and the number of runs, i.e. 
C.l.= 16-t (eq. 14) 


We used "t" values for a particular confidence level, 
a commonly chosen level being 908%. 


The linear dependence of x. 


4, on y; can be indicated 


by <A quantity known as the: "correlation coefficient (p)" 


which is defined by the equation 


cov (x.,y.) 
ee 12 (eq. 15) 


where OL and o are standard deviations, and cov (x, ,y;) 
a 2 


TOZ. 


is the covariance of x, and y, defined as [= (x,-x) (y,-¥) ]/n. 


It has been shown in the literature (55) that equation 15 


can be expressed by the equation 


(eq. 16) 


witGhawas ascdenyeusaco calculate the p values. 
A Texas Instruments programmable 59 calculator was 


used to perform the least squares analyses and to calculate 
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the associated errors and the correlation coefficients. 
The average Be eden are (k) for three or five 

independent runs in the thermolysis of 4-alkylidene-l- 

pyrazolines at various temperatures are shown in Table 


20. The individual. rate constant (k;) for “each run 


together with its standard deviation (O, ) and correla- 
cf 


Lion CoecLriceint (9) is given in Appendix. The 0 


values were found to be in the range between 0.99933 and 


0.99984. This indicates a good linear dependence of 


1n(E,-E, ) on time in the least squares analysis. The 


standard deviation of the average rate Constant, Oe at 


each temperature was calculated from the individual rate 


constants (k;). A typical example of kinetic calcula- 
tions and error analyses is shown in Table 19 for the 
thermolysis of 4-methylene-l-pyrazoline. The error in 
each average rate constant (k) in Table 20 is based on 
the 90% confidence limit which was calculated from the 


corresponding Oy 
(iii) Thermolysis and Tautomerism Control 


From the thermolysis data in Appendix, we were 
able to estimate % completion of the reaction (i.e. 
conversion of the pyrazolines into alkylidenecyclopro- 


panes) by the equation 


$ completion = 100(E,-E9)/E9 (eq. 
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Table 20 


Kinetic results for the thermolysis of 4-alkylidene-l- 


pyrazolines 
Compound Rene aC) 10°k fsenreo 
165.0 0.937 4 0.006. 
a 170.0 1.450 + 0.005 
30 175.0 Dee 019 
a 164.0 0.897 + 0.025 
N=N 170.0 i 50900. 025 
68 Typed) 2.279 + 0.014 
aN 170.0 1.016 # 0.015 
Vie 1 75n0 i584 0020 
os 180.0 2.459 + 0.032 
160.0 1.391 + 0.019 
Nan 164.0 15942 20,010 
69 T7070 e\arNGilokcsemn ayes 
160.0 1503) 07020 
164.0 2.073 + 0.039 
ie T7080 joo 3412 e080 
ae eno ieee oe 03 
164.0 1.973 + 0.034 
woo 170.0 e206 Ut 065 
20 
(17020) (0.802)? 
AK 175.0 1.264 =) On0at 
N=N 180.0 T0772 a0 27 
185.0 3.050 + 0.035 


oy. 


(The errors are the 90% confidence limits. 


Paxtrapolated value. 


LOS. 


— 


(3 “asn) 


m Pa 


P 
ont, 


ed 


ae ee ae eat genet 


he ae ee 


ay 


Sxu0 0 
aut 
#26:.0 


25040 
cae 0 
bid .G 


ered 
eco. 
~ aah J 

7% i "i 
() { he fi 


reo.0 


CE0.%) 
ead Ore 


SID ot 


‘> 


ee oD 


ree 10! 
oFbs 


Tee.0 


oy? * [ 


106: 


Where he is the transducer emf at C27 and Eo rel Ehae at to: 
The emf Eo Sermaaeaney bans to the initial sample pressure 
was calculated from the value of the y-intercept, i.e. 
In(E,-E9), in the least squares analyses. The results 
detailed in Table 21 clearly indicate that the thermolysis 
reactions of the 4-alkylidene-l-pyrazolines proceed at 
temperatures between 160 and 185° with 70-92% completion 
of the reactions depending on the pyrazoline used and the 
reaction temperature. The variation in % completion 
is presumably due to an accompanying tautomerization. 
Although a greater percentage of completion of the 
reaction was observed at higher temperatures, the 
thermolysis temperature cannot exceed that at which the 
half-life of the reaction becomes less than 300 seconds, 
Since the error in the measurement of the kinetics would 
be expected to increase with lowered half-life. The 
degree of completion of the reactions appears to be 
better for 4-methylene-l-pyrazolines and 4-ethylidene- 
l-pyrazolines than for the other pyrazolines (see Table 
2). It, 1s also noted that the observed rate constants 
are independent of the percentage completion of the 
reaction at each temperature. 

We observed that, at room temperature, upon catalysis 
by wena eieaniounese OL steLethy Lamine ins benzene, —4—-methylene— 
l-pyrazoline (30) tautomerizes to 4-methylene-2-pyrazoline 


(129) followed by subsequent very slow aromatization to 
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Table 21 


a 


Percentage Completion” of the reaction for the thermolysis 


Of 4-alkylidene-l-pyrazolines 


Compound Temp. #Run Completion Ost 
(2) (3) (sec 

2 16530 1 HT 0 93'6 
= 2 76 0.942 
30 5 78 0.934 
L700 al? 85 12450 

Z 84 L458 

3 84 ea) 

4 85 1.443 

5 80 hr bey le 

pre O ap 92 Zee 

z 87 Zee 

3 89 dS PHOS 

D> 

17-0 0 ih 79 15420 

2 88 eS Ahly 

Neth) 3 84 14 GS 
4 82 ea sy 

Oe 5 86 L401 
Oe 1 86 a2 Gi) 

D, 2 80 ibe eae fe) 
N= 3 85 1.264 
4 86 P2Z66 

42 5 82 a ey es! 

Do 

7 ORO: ul 86 1 fA) 

D, 2 87 1265 
N=N 3 84 ste 
4 80 ie 220 

43 5 78 eee aa 
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Table 21 (continued) 


Compound Temp. #Run Completion iB 
(°C) (3) (sec +) 
1700 1 88 12076 
2 83 i075 
D D 
a ar 2 3 86 1.075 
= 4 87 1.060 
46 5 82 1.069 
D, 170.0 it 82 022 
2 83 eae 
D, Do 3 86 12024 
N=N 4 87 eae 
5 82 a aeNy, 
44 
164.0 7 75 0.894 
2 74 0.880 
ee 3 7 0.917 
17020 ay 80 1.530 
68 2 75 1.501 
me 3 79 1.495 
i750 1 83 2.289 
2 81 22269 
3 85 22073 
170.0 st 75 1.016 
2 pil 1.005 
- N=N 3 72 iL (O27 
aye 175.0 1 75 1590 
rhe D 74 1.589 
3 77 1.564 
180.0 il 84 20438 
9 81 2.454 
3 82 2.485 
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Table 21 (continued) 


Compound Temp. #Run Completion 10°k,” 
(°C) (3) (sec’1) 
160.0 i 75 1.405 
2 76 Ny 
3 76 reese 

N=N 
164.0 ih 82 1.928 
he: 2 85 1.950 
pe 3 81 1930 
4 84 1.948 
5 85 1.952 
ZOO 1 85 Seat 
2 89 a5157 
3 84 chy beys 
164.0 1 83 ‘LAA 
5 2 86 1.661 
2 3 82 1.649 
N=N 4 81 1.639 
5 79 1.662 

76 
164.0 1 79 1-820 
2 76 Tee 
Do 3 80 1.806 
NEN 4 81 W510. 
5 86 A 7o7 

7 
164.0 if 85 1.558 
2 80 1.536 
D. D, 3 oh es Oa 
eae 4 80 1.527 
5 78 W516 
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Table 21 (continued) 


Compound Temp. #Run Completion 10 ie 
(°C) (8) (sec™}) 

160.0 1 al tee ON 

2 We 12485 

3 70 i LG 

N=N 

164.0 iE ths 22076 

89 2 74 2.042 

a 3 76 2100 

17 05.0 ib 79 Bes. 29 

2 84 CIA Paes 

3 81 B23 90 

160.0 ul he eS he 

2 i £2445 

3 74 Laso7 

N=N 

164.0 ae 76 1.964 

90 2 76 2 UO 

cae 3 fa 1.954 
P7030 it 86 S203 

2 85 Seg eae 

S 85 356 

iD 0 iL vail e236 

Z 70 Lo2Ad 

3 75 1-266 

N=N 180.0 a 79 22000 

2 81 1.969 

ad, 3 82 ao Gs 
Eean0 1 86 3.044 

2 85 32078 

3 88 Say) 
“calculated from the data in Appendix using the equation 
% completion = (E,.-E9) /Eg x 100 where Eo is a transducer 

emf at to: 


by ndividual rate constants are in Appendix. 
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4-methylpyrazole (130). However, in the presence of even 
N-N N-—N 
H H 
AS) 130 


~nnw 
~ww 


Catalyuerc amounts of hydrochloric acid 30 rapidly 
deteriorates, possibly to its polymer, since the Lm 
peaks of the olefinic protons completely disappear 
immediately after the addition of the acid. Pseudo 
first-order kinetics have also been observed in the 
tautomerization of 30 iG) 129 in methanol at room tempera- 
GUE. (CatalyeELe amounts Gf ChioroacetI Cc. acLdvor -tri— 
ethylamine result in increasing intensity with time of 
the absorption band at 287 nm Cee) in the ultraviolet 
spectrum. This band is due to 129 (sk oe ‘eee = 322 nm 
for 30 in ethanol) (56). The two isomers were also 
detected by Lm in the product mixture collected after 
thermolysis, and 1 mr integrations have shown that the 
Felacive Lacio of 129:130 changes from approximately 
9525 atten 2 hale Lives to. V0;90 atten 10 halt lives: 
This result indicates that 129 is the only isomer exist- 
ing in the reaction mixture during the thermolysis. 
Polymerization to an unidentified high boiling compound 
did not occur to a detectable extent since the values 


Of Be (the transducer emf at te) remained constant upon 


completion of the reaction. 
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(iv) Activation Parameters 


The effect Of temperature on the rate constant, Kk, 
is given by the Arrhenius equation (53): 
~E,/RT 
ke=e Ate (eq. 18) 


where E. is the activation energy and A is the frequency 


factor. This can be expressed in natural logarithmic 
form “as: 
ingk-= in A = (E_/RT) (eq. 19) 


Thisva DLOEVOr in kaversrve Wl) should give a straigne line 
of slope eas and an intercept corresponding to ln A (or 
27038 OG A) = sings the data dan Tlabple 20, linear tires t— 
order plots were obtained. Figure 51 shows a typical plot 
Of in Kk versus 1/T for kinetic runs in the thermolysis of 
4-methylene-l-pyrazoline. The activation energy and the 
frequency factor were determined by a least squares 
analysis in which the rate constants were not rounded off 
for computational purposes. 

The entropy of activation is obtained in the follow- 
ing manner, (50). According tO thesabsolute reaction Tate 
theory, the rate constant, Kk,0of the reactions given 
by the equation 
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Figure ol” “Plot of jin kK versie 177 in) the thermolysis sor 


4-methylene-l-pyrazoline. 
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where Kiis the transmassion coefficient, ky is Boltzmann's 
constant and h is Planck*s constant. “For a “gaseous 


reaction, the following relationship holds 


AH’ = = eT Re (eq. 21) 


where n is the molecularity (and order) of the reaction 


(53) 25" 1teerollows Lrom equations: 20@and 2)*thav 


Kk. Te oe 
k = ase ee e EQ/RT e AS /R (eqn :22)) 
h 
for a unimolecular, first order, gaseous reaction. From 
equations 18 and 22 
ea teat bes =) ae 
oe ee as (eq. 23) 
h 


Rewriting equation 23, the entropy of activation is given 


by the equation: 


ASt = 4.576 (log A - log T) - 49.198 (eq. 24) 


The activation parameters for the various 4-alkyl- 
idéne-l-pyrazolines are in Table 22. The errors and 
correlation coefficients were calculated from the least 
squares analyses. The op values were found to be in the 
range between 0.99930 and 0.99992 which indicates a 
satisfactory linear dependence of ln k on 1/T. 

The errors in the activation parameters (see Table 


22) are the maximum possible and were calculated in the 
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following manner (57). From equation 22, the slope of 
the line obtained by puller sen tuve Inhalt against sh / be us 
equal to ANA This B, can be calculated. Regardless 
of how the slope is evaluated, it is largely determined 
by the first and last data points. If three temperatures 
are used, the slope is determined solely by the first 


ano third points, and the middle point controls only the 


value of the intercept. Thus, the value of E. is given 
by 
v i] 
E, = R ae an os (ecm Z)) 
Te cee 


where T and T' are the extreme temperatures and k and k' 
are the corresponding rate constants. 

If a is the maximum fractional error in the rate 
constants, and pp 25 the error in Hen then 


' 
in (2. + 2) eae 


BE, + 6=R——- (eq. 26) 
T- 7 Gi awenencers 
(one 
' 
ee eee gata eee (eq. 27) 
Loree d= 5G) 


When a << 1, as is usually the case, the logarithmic part 
may be expanded as a series and only the first term taken. 


Then 6 may be expressed as 
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6 = 2 R ———— a (eq. 28) 


Lio 2s cheverror an ast, from equation 22 it follows 


that 

Rote con (retro Tceen Ire (eouee5) 

irk lee 
B 

and 

os 6/T Ro in (+ .0) (eq. 30) 
Again, when a << 1, this reduces to 

o = 6/T + aR (eq. 31) 


= 


The errors in Ea! AS and log A were calculated by 


using equations 28, 31 and 24 respectively and are 
presented in Table 22. It should be noted that the 
activation parameters for 4-methylene-l-pyrazoline listed 
in Table 22 are comparable to the values (Be ozo kcal & 
al 


- bs + 
mol; Log *Av= 93.24, and AS559 


reported in the literature by Cameron and Crawford (10a); 


= —l 1 “e.u.) previously 


however, our results are believed to be more reliable 
because of improved methods of control and measurement 
of the reaction temperatures. Only short term stability 
of the reaction temperature was possible with the system 


(58) used by these authors. 
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Similarly, the secondary deuterium kinetic isotope 
effects observed by re for the thermolysis of deuterated 
4-methylene-l-pyrazolines as detailed in the following 
section are believed to be more precise than those 


obtained earlier (see Table 5) (10a). 
(v) Secondary Deuterium Kinetic Isotope Effects 


The thermolysis reactions of the deuterated 4- 
methylene-l-pyrazolines and 4-ethylidene-l-pyrazolines 
were conducted in the static stainless-steel system at 
170 and 164° respectively. 

The average observed rate constants, Kobe! with 
their 90% confidence limits from five independent runs 
are shown in Tables 23 and 24. The individual rate 
constants, ky together with their standard deviations, 


oO and correlation coefficients, p, are detailed in 


kev 
a 


Appendix. The 09 values were calculated to be in the 
range between 0.99959 and 0.99985 indicating a good 
linear dependence of 1n(E,,-E,) on time. 

These observed rate constants, De were corrected 
for the isotopic purities of the 4-alkylidene-l-pyrazolines 
which had been determined by mass or nmr _ spectral 
analyses (see Tables 16 and 18). In the case of the 


deuterated 4-methylene-l-pyrazolines, the corrections 


were made by using the equation 
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where fy is the fraction deuterated, and fy is the frac- 
tion nondeuterated. The corrected rate constants, Kye 
and the values of kL kp for the Baten ee Cene he ee 
l-pyrazolines are given in Table 23. 

Equation 32 was also used to correct the observed 
rate constant for 4-ethylidene-l-pyrazoline-3,3,5,5-d, 
(128). However, the corrected rate constants for £F£- 


and Z-4-ethylidene-1-pyrazoline-3,3-d, (76 and 77) were 


obtained by using the equation 


k oN con een cat 8 


=e 
obs 1g Pods D 


+k. £ 


Se ec | (eq. 33) 
where ies and ee are the corrected rate constants for 76 
and et respectively, and Ee and ee are the deuterated 
fractions Of 76 and 77 in mixture. Avor 8.) Mixcure A 
resulted from the preparation of 76 and mixture B Erom 

the preparation of UL since formation of the desired 
compound was accompanied by formation of small amounts 

of its isomer (see Table 18). The data from mass, Tae 
and ate Spectral, sdtialysec in Table 13 are et tedman 
Table 24 for the sake of convenience. Inserting the 
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limr Gata and the values of the observed rate constants 


in Table 24 into equation 33, we obtain 
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Table 24 
Observed rate constants for the thermolysis of deuterated 


4-ethylidene-l-pyrazolines at 164.0°C 


Deuterium isotopic purity”? 


@ 3 b 
Compound Analysis i u Kobs 
method -l 
(sec 7) 
ay eet Ss 
- - - 100 1284 (7 SPO) 
N=N 
69 
Mass & Limr = 88 8 4 
Mixture A 5 1266 > OS02 
Mass & “Hmr = 86 10 4 
; 1% 
Mass & ~Hmr - ae 90 3 
Mixture B 5 Be 19 60. OE 
Mass & Hmr - 9 88 3 
D yp, Mass & limr  -960=C'-—tstié‘ 4 1.53 + 0.01 
NIN 
128 


“obtained by the analyses of 400 MHz lem (or 54.4 MHz 


2umr) and mass spectra as previously indicated in Table 18. 


>the errors quoted are the 90% confidence limits. 
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Ieee LOR =n o4 ew Oa (003 seed 107 Re 
: Zz (eq. 35 
+ 0.90 KD 
fouemixture Bx Simultaneous solution of these two linear 
equations gives k® = 1.63 x 10°? sec’? and ke = 1.82 x 107 


sec. Using the 2umr data in Table 24, we obtained the 


same values. The corrected rate constants and the 

calculated values of Kp for the deuterated 4-ethyl- 

idene-l-pyrazolines are shown in Table 25. It should be 

noted that the correction of the observed rate constant 

for 128 was made by using equation 32 to give Kp = oie x 
=) 


LG sec + with the assumption that 126° consists of a 


96:4 mEexture: of dyidp- Considering the extreme case in 
which 128 is assumed to be a 92:4:4 mixture of d,:76:77, 
we can then use equation 33. Such a change does not 
affect the value obtained since calculation gives 
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Considerea as a Corrected rate constant for 128, 
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Ce Product, Analyses 


(i) Thermolysis of Deuterated 4-Methylene-1l-pyrazolines 


(107, 42, 43 and 46) 


Samples of the deuterated 4-methylene-l-pyrazolines 
(ca. 60 Torr) were thermolyzed in the thermostatted 
static air—-bath system at 175./0° for 20 min. Jt is 
known that interconversion between 49 and 50 or between 


A7 and 48 16 neglagible at this temperature (10a). “As 
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Table 25 
eecondary deuterium Kinetic isotope effects for the 


thermolysis of deuterated 4-ethylidene-l-pyrazolines 


Compound Data used® 10°k, (corr)? kK /kp 


Mases) nme) 163 4 0n0e> 
D, 5 TO eros | 
ve Mass & Hmr L263 729.0 404 
76 
z Maseue ue tine pee ao ucs 
2 ; 1.07 + 0.02 
N=N Mass & ~“Hmr lee eee Oe Oe. 
i 
D,yDp Mass & tHmr 1.51 + 0.03 1.29 + 0.03 
N=N 
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Pcorrected for incomplete deuteration by using the equation 


= Bok We es E Z 
ee = kay fu + KD fh + ky fy where Ky and Ky are the 
corrected rate constant for 76 and v7 respectively, and 


aa and Be are, the deuteratea fraction of 76 and a in 


MExture A, ob Or 128 as. an Tabler24: 


“The errors quoted are the 90% confidence limits. 
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described in the experimental section, the products after 
thermolysis were trapped in a liquid nitrogen cooled 


tube. On warming these products in an ice-water bath 


only the pease ed methylenecyclopropanes were vaporized 
to be trapped again at liquid nitrogen temperature, so 
that the tautomers were left behind. Chloroform-d or 
carbon tetrachloride was then added to the deuterated 


methylenecyclopropanes, and the 100 MHz lam or 13.8 MHz 


2 amr spectra shown in Figures 52-58 were obtained. 


The ratios of the deuterated methylenecyclopropanes 


obtained from 46 and 43 were determined by Tm integra- 


~~ 


tion (see Figures 55 and 54) in the following manner. 


Let Ru be the ratio of li integration at 65.33 to that 


at. 6b,01.° The ratio + E was then calculated by the 


49**50 
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2f.6 + 2f31 
Ru = (eq. 
2f a9 + 4f55 
where a fi9 and feo represent the mole fractions of 


31 (4-methylene-l-pyrazoline), 49 and 50 respectively. 
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Solving. coc 


FEOM Mess Spececroscopy, ape Se 


kh 
0.954 for 46 (see Table 16). 
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we obtained the ratio fag? 
GE SNS ewe 


Spectroscopy (Ra value from 


*umr spectroscopy (See Figure 58) 


It should be noted that Exgifso was calculated without 


need of considering the isotopic purity when Pepe data 


was used. The ratio f f for 43 and the ratios; 


49°*50 
for 42 and 107 were calculated similarly, Alt 
of the results are given in Table 26. Each value of 

the percent distribution in Table 26 is the average from 
three independent samples, and the error quoted is the 


90% confidence limit. It should be noted that the 
Percent distribution of the deuteraced mechylenecyclo— 
propanes from 42 or 43 obtained by us is the same within 
experimental error as that obtained by Crawford and 


Cameron (see Table 6) (10a). 
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Table 26 


Deuterium distribution in the methylenecyclopropanes from 


the thermolysis of deuterated 4-methylene-l-pyrazolines 


(Gey Sy T9 SG) 
Method 
of 
Reactant analysis D 
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(11) Thermolysis of F- and Z-4-Ethylidene-l-pyrazoline- 


3,3-d,_ (76 anda) 


Pyrazolines 76 and 77 contained small quantities of 
their isomers 77 and 76. These mixtures were designated 


A and B respectively (see Table 18). Thermolysis of 


ny A = A va A A. 


mixture B 
WS) 82 


nw nw nN~ 


mixtures A and B were carried out in a breakseal at a 
pressure of approximately one atmosphere for 15-60 min 
in a thermostatted oil bath at 175.2°. Under these 
conditions, it is known that the interconversion between 
2-methylmethylenecyclopropane (70) and ethylidenecyclo- 
propane (71) is negligible (24, 34, 11). After the 
thermolysis tubes were cooled in an ice-water bath, the 
products were vapor transferred into a receiver and 
benzene or chloroform was added. The products were then 
separated by preparative gc into the two species: 
deuterated 2-methylmethylenecyclopropanes (78 and 79) and 
deuterated ethylidenecyclopropanes (81 and 82). The 

TOO? iz. Lim and 54.4 MHz 2 amr spectra of the products, 


78 and 79, from mixture A and B are shown in Figures 


59-63, and the 400 MHz /umr and 54.4 MHz “Hmr spectra of 


81 and 82 from mixtures A and B are given in Figures 64-69. 
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The ratios of 78:79 and 81:82 were determined by integra- 
tion of the spectra. In order to do this, we must first 
know the correct assignments of the protons in the Tamer 
spectra of 70 and 71. The assignments for the 1 mr 
spectrum of 7/0 (Figure 59) have been reported previously 
by Crawitord et al. (48) and are shown in Table 27. This 
Table also lists the assignments for the Teme spectrum of 
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Chemical shifts in 400 MHz ‘tumr for 2-methylmethylenecyclo- 


propane (47) and ethylidenecyclopropane (6 from TMS, CDC1,) 


POSLELOnN Of proton 
Compound Ho Hy Ho Ha He 
70 0.65m Eom 1.46m Aen Beh ie 36 
ak Oo 7 in 1.02m L8:0 Sealy = 


Note: m = multiplet. 
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wes which are comparable to those previously obtained by 
Crawford et al. (48), except that the signals of the 
ring methylene protons He and Hy syn and antt to the 
methyl group at the exo-methylene position were, for the 
first time, separated by the 400 MHz Lim (in CDC1 3) as 
in, Bigunes 64 end 66. "The signals at 60.97 and 62.02 
were assigned to the protons He and Hy respectively, 
Since He is shielded by the adjacent C-C bond attached 
to the exo-methylene carbon, while Hy Lea TiOt -C49)r ernie 
assignment of He and Hy, is confirmed by the reported 
chemical shitt data (48) indicating that the ring proton 
Signals appear at 61.01 for methylenecyclopropane (31) 
and 60.98 for isopropylidenecyclopropane (59). The 
expanded Lime and eae spectra of the signals, He and 
Hyp for mixtures A and B are Pion im, Pigures 65,561, 66 
and 69. 

The ratios of 78: fe from mixtures A and B were 


determined by 100 MHz tam spectroscopy (see Figures 60 


and 61) in three different ways using three integration 
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Vatios: (i) Ryr the ratio of the proton he to the protons 
Hye Ho and Hae (37;) Rp Ene Fatio Of the proton He to 


the proton ae eaveh (elu bale) Ras the ratio of the protons Hye 


ae and HZ to the proton ae (see Table 27). 
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1G foo: oe and f represent the mole fractions of 


70, 78. and 79 respectively, we can write the following 


~~ 


equations: 
a7 To 
Res SEER EERE (eq. 37) 
4fo. + 4fo, + Sfo 
a omnes 70 
2fi. + 2f75 
and 
4fo 6 + 4fo4 + Sf 9 
Re = roe di nant enn nese (eq. 39) 
2f56 + 2f.5 
where fig = 0.04 and fo oF fog = 0.96 for mixture A, and 
foo = 0.03 and fog + fo = 0.97 for mixture B from mass 
spectroscopy (see Table 18). These equations were solved 
LOT fog and fo 9: For example, for the thermolysis of 


Of Mixture A at 175..2° for 30 min, we obtained values of 


Bee Ot 4 2 25, Bye fae 269) ands 75.0. 2500)t com Lime 


spectroscopic data (Ry = 0.0/1, Rp = 0.191 and Ra = 25605) 


is 


The average of these three values was taken as 74:26. 
Similar by, fogifig for mixture B was calculated. MThe 
complete results for different thermolysis times are 
given an Table 28. sThe ratios oF 78:79 from mixtures A 
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Table 28 
Percentage ratios between the deuterated 2-methylmethylene- 
cyclopropanes, 78 and 79, from the thermolysis of mixtures 
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2 mr spectra of the reaction products (see Figures 62 


and 63). ~The 2umr spectrum shows three distinct signals 
Ge oUr Cojo owand $5.36 just as in Figures 62 and 63. 
The ratio of fog/fo9 was calculated directly from the 
integration Bat of the ring deuterium signals at 60.65 
and 61.3 to the exo-methylene incorporation in 78 and 
139. The results*are given an “fable 28. “Bach=value of 
the % ratio in Table 28 is the average from three 
independent samples, and the error quoted is the 903% 
confidence limit. 

Table 28 indicates that, within experimental error, 
the ratio-of 78:79 appears to change very little with 
time during the hour-long thermolysis of mixtures A and 
B at 175.2°. A degenerate rearrangement ) was 
previously found by Crawford ef ai, (11) to be unlikely 
EG VOCEUS“aeeUGUS2* = InP order “te-vesu the occurrence Of 
this rearrangement under our conditions, control experi- 
ments were performed. A sample of the product mixture, 
78 and 79, from the thermolysis of mixtures A and B at 
ijo,2" LOre30 min was cedgassed ands heated ak P75.2°% 

The sample was then analyzed by Lismr and orne SPECErOSCcopy. 
The results are given in Table 28 and indicate a very 
slow interconversion of 78 to 79. 

The ratios between the deuterated ethylidenecyclo- 

propanes, 81 and 82, from mixtures A and B were determined 


by 400 MHz Lim spectroscopy (see Figures 65 and 67), and 
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were calculated in a manner analogous to that described 
above. The complete results for different thermolysis 
times are given in Table 29. The ratio of 81:82 was 

also determined directly from integration of the expanded 
54.4 MHz eume spectrum of the reaction products, 81 and 
82, (see Figures 68 and 69) without need of considering 
the deuterium content of 81 and 82, and the results are 
given in Table 29. Each percentage in Table 29 is the 
average from three independent samples, and the error 
quoted is the 90% confidence limit. 

Table 29 also indicates a degenerate rearrangement 
81282 is not likely to proceed during the thermolysis of 
Mascthunmes Acand ball /5)2°5 £Orcan Nour...) Conerol 
experiments to study the interconversion of 81 to 82 were 
carried out in the same manner as previously described 
for those of 78 and 79. However, the results as shown 
in Table 29 indicate that the interconversion of 81 to 
82,15 not only Slower than thet of 78 EG 79, bute also 
the ratio of 81:82 appears to remain essentially constant 


within experimental error. 
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Table 29 
Percentage ratios between the deuterated ethylidenecyclo- 
propanes, 81 and 82, from the thermolysis of mixtures A 


and Boat 175.2°C (0.7 atmosphere) 


Distribution » Ce) 
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81 82 
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mixture A 120 S25 +80, sea) Ue ss Ab 20 +1 
300 Sales Gee a Lo 2 Doel 
Mixture B nls eee ES opel ene y S7 + hor are ed) 
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Table 29 (continued) 
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“Method of analysis. 


Prrors quoted are the 90% confidence limits from three 


samples after separation from 2-methylmethylenecyclo- 


propane by preparative gc. 


“samples from the thermolysis of mixtures A and B used as 
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Ther possibility of interconversion between 2-methyl- 
methylenecyclopropane (70) and ethylidenecyclopropane 
(71) was shown not to exist by Schrijver (34) £rom the 
observation that the ratio of 70:71 analyzed by gc 
remains unchanged in the thermolysis of 4-ethylidene-1l- 
pyrazoline (69) ae (75.12 jeor an hour. The thermolysis 
OL 69 at 190.1°, however, appears to display a very 
Slow interconversion of 70 tO vi. These results were 


confirmed by us by repeating the experiments. 


The Tatios of 78:79 £Lrom 76 and 77 were thus 


~w ~~ 


calculated by using the Lm Gata in Tables 13-and) 26. 
dae Nz 9 and Nog represent the mole fractions of 78 and 
79 from the thermolysis of 76, and Mo 9 and Mo 9 represent 
' 
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N=N ia ba 0A 
ah 
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aN : 79 
= Sa 78 + 79 
N=N tae a 
77 M7 g : ™7 9 


those of 78 and 79 from 77, the following equation can be 


written: 
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Of 75 = O59 2 1 + 0708 =m (eq. 40) 


78 


On Oe ee 50 Zari peOvr oar (eq. 41) 


79 
for -mMLsture A, Since: it consists of a) 926 mixture of 


76:77 asein Table 18° and produced a 75:25 mixture of 


78:79 as in Table 282) Also 


0. LSs=" 0207 Noe ce (Oba eis Mo 9 (eq. 42) 


or O28 2 =) 0207 Nog + 0:93 Mg (eq. 43) 


FOL Mixture B, Since Te Consists of as/:93 mixture of 
76:77 as in Table 18 and was thermolyzed to give a 18:82 
Mixtures of 1S 32 aS in Table 28. The simultaneous solu- 
tion of equations 40 and 42 or that of equations 41 and 
79 78 = 02.13 sand oe = 0.87. 
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An analogous calculation was carried out using the 


a3) tS. n = 0.80, = 0.20, 
Hmr 
data,in Tables 18 and 28. The results are detailed in 
Table 30. It should be noted that the results in Table 
30 are believed to be more reliable than those reported 
previously by Crawford et al. (see Table 10) (11) since 
their results were based on the assumption that the 
mixture A and B consisted of only 76 and 77 respectively. 
The ratios of 81:82 from the thermolysis of 76 and 
77 were determined by using both the dime and 2 mr data 


in Tables 18 and 29 in a manner Similar to that used an 


thes previous calculations of the vatios of 7/38: /9¢Lrom 
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Table 30 
Deuterium distribution in the deuterated 2-methylmethylene- 
cyclopropanes produced from the thermolysis of F- and 


Z-ethylidene-l-pyrazoline (175.2°C, 0.7 atmosphere) 


Distributien. (2) 
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Method 
of pz SW [meN 
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Table 31 
Deuterium distribution in the deuterated ethylidenecyclo- 
propanes produced from the thermolysis of F- and Z-ethyl- 


1dene-l-pyrazoline (175.2°C, 0.7 atmosphere) 


Distwui bution) (2) 
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CL D 
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“Errors quoted are the 90% confidence limits obtained from 


the calculations by using the data in Table 29. 
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DISCUSSION 


A. Thermolysis of 4-Methylene-l-pyrazoline (30) and 
Deuterated Derivatives 
(1) Kinetic Studies 
Thes kinetic, data, at 1/0.0°, forthe thermolysis of 
30 and its deuterated derivatives are listed in Table 23. 


Using this data, an assessment of whether one or two 


carbon-nitrogen bonds are cleaving in the rate determining 


step (7f£) will be presented. The values of SAG per 
deuterium can be calculated from secondary deuterium 


kinetic isotope effects by using the equation 


- emer sak 
6AG = ee ln (kK, /k)) (eq. 44) 
where n is the number of deuteriums. For a two-bond 
cleavage pathway (see Scheme 1), the observed intermolecular 


isotope effect in 46 (Table 23) was used to evaluate SAG™ 


in the presence of four a-deuteriums. The value of sac* 


Was=tound, to: be 73 2) 3.cal ie ae per deuterium. On the 


other hand, for a one-bond cleavage pathway (see Scheme 2), 
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assuming that deuterium substitution in the tetrahedral 
methylene group of the allylic diazenyl radical inter- 
mediate does not give risé to any change in rate, then 

the value “or éAG™ in the presence of the a-deuteriums in 
46 tsGcalculated «to vbewl42 = 6-cal mol. per deuterium. 
For 107, we observed that the two y-deuteriums contributed 


an increase of 26 cal moles 


to the free energy of activa- 
ErOna)  slEsthe reaction proceeds according to Scheme 1 
then the observed isotope effect in 44 represents the 


the effect of four a-deuteriums plus two y-deuteriums 


and we were able to calculate the effect of the four 


a-deuteriums in 44 as being 71 + 3 cal ela per deuterium. 


For Scheme 2, the effect of the two a-deuteriums in 44 
was obtained as 141 + 6 cal oie per deuterium. If 42 


and 43 decompose according to Scheme 1, the values of 


¥ Der deuterium (SAGT/n) are Galculated to be 62°92 5 cal 


cat 8 


SAG 
mol a nG cea te alano be respectively for the observed 
intermolecular isotope effects (Table 23). However, for 
Scheme 2, we can calculate the values of Senn fon 42 


and 43 from intramolecular isotope effects which are 


obtained by the equations 
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if we assume that KO = ky ano atcha t: KS = kp: We obtain 

the values of the intramolecular isotope effects and 
6AG*/n as 1.3840.04 and 142 + 12 cal mol} for 42, and 
1.38 + 0.03 and 142 + 9 cal mol”* for 43. The values 

on SAG*/n obtained above for Schemes 1 and 2 are presented 
invlabie 32. 

It should be noted that for the one-bond cleavage 
process (see Scheme 2), the re-closure of the diazenyl 
species into the precursor is highly improbable since, 
as mentioned previously in the Historical section, 

Cameron (10a) observed that 43 did not rearrange to 46. 

Table 32 shows that the values of anc aay Meng ierenesn 
one-bond and two-bond cleavage pathways, are not within 
the frequently observed value of 90-120 cal Tole (2:63, 29.6 
Al-Sader and coworkers (7£) observed a pena value of 
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for the one-bond cleavage process in the 
gas phase thermolysis of 3,3'-azo-1-propene-3,3-d, (13) 
and 3,3'-azo-1-propene-3,3,3',3'-d, (3 2)8 Stakagiw (5) 


has provided kinetic evidence that strongly implicates a 


one bond cleavage mechanism for 3,3'-azo-propene. 
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Interestingly, the values of SAG*/n for the one-bond 
cleavage process (see Table 32) are more consistent with 


one another than the values for the two=bond cleavage. 
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Table 32 
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Observed values of SAG per deuterium for one-bond and 


two bond cleavage pathways in the thermolysis of 46, 44, 
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SAG*/n 
(cal ei) 
Compound Two-bond cleavage One-bond cleavage 
oY TL Ss 3 142 + 6 
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However, no real choice between the two pathways can yet 
be made. 

In an attempt to predict the magnitude of the 
secondary deuterium kinetic isotope effect by the two 
pathways in the thermolysis of deuterated 4-methylene-1- 
pyrazolines, let us consider a rate-determining transi- 
tion state wherein one or two carbon-nitrogen bonds are 
cleaving to give a trimethylenemethane (TMM) diradical 
or a diazenyl radical which undergoes a hybridization 


- at the a-methylene position(s). In order 


change to sp 
to calculate the isotope effect in the thermolysis of 
4—methylene-l-pyrazoline-3,3,5,5-d, (46), we assume that 
changes in the infrared vibrational frequencies occur 

only at the a-methylene position(s) during the thermolysis. 
Thus, we have chosen the eoneen Tene group of the 


methylenecyclopentane (133) as a model for the re-hydridized 


methylene group of the transition state. It should be 
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that deuteritum substitution in the a=position ofthe 
diazenyl rad 1 does not change the vibrational frequencies 
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the a-methylene group in 4-methylene-l-pyrazoline (30) 
and in 46 were assigned previously as in Table 15 and 
the frequencies of the exo-methylene group in 133 and 


methylene-d.,-cyclopentane-2,2,5,5-d, (134) have been 


D, 
D, Dy 
we tee 
reported in the literature (46). The pertinent frequencies 


are given in Table 33. 

It has been suggested (59) that secondary kinetic 
isotope effects are the result of the creation, or dele- 
tion, of new, isotopically sensitive vibrational frequencies 
during the course of the reaction. If we make a summation 
over the vibration levels of our four models, the sum 


SAw 1S given (27) by the equation 
é6Aw = [Xw(30) - XLw(46)] - [Zw (133) - Zw (134) ] (eq. 47) 


It should be noted that the values of Aw, and Aw, sig 
Table 33 represent the value for four a-deuteriums in 46 
and the value for two y-deuteriums in 134 respectively. 
Therefore, for the two-bond cleavage pathway, dAw = Aw, - 
Z (Aw. ) = 313 cn Since EQ = heo/2 then this is an 
energy difference (SAGT) of 448 cal aah £Or Lour 
a-deuteriums. For the one-bond cleavage process, dAw = 
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Aw ,/2 - Aw, = 156.5 cm”! which gives SAg* of 224 cal mol” 
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Table 33 


Infrared frequencies used to calculate the secondary 


deuterium kinetic isotope effect in the thermolysis of 46 


ere) ee 5) 
Frequencies Frequencies 
(em7+) (em7+) 
Mode 30 46 Mode 133 134 
a-CH. asym. 2947 221) =CH5 asym. 3084 2314 
Stic. 2940 2154 Str. 
a-CH. sym. 2860 2142 =CH, sym. 3005 2209 
Sti. py 2049 2068 Sie 

a-CH. def. EAS LOST =CH, def. 1405 LOS 
TALS 1025 

a-CH. ag 1288 1020 =CH, twist S77 TAS 
1261 1605 

a-CH, She! 1241 973 =CH5 rock 927 706 
1149 923 

a-CH5 ween 892 656 =CH, wag 880 700 
789 612 
C-N str. OZ 872 
895 854 
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for two a-deuteriums.. By using these data the values 
OL sAGr per deuterium and the kinetic isotope effects 
for the two pathways are calculated and presented in 
Table 34. 

The calculated SAGT/n Value of 112 cal mo1 + in 
Table 34 is within the frequently observed value of 
90-120 cal none (26,2/). Therefore the data in Table 
34 are best interpreted in terms of the stepwise one 
carbon-nitrogen bond cleavage mechanism since the values 
of both kL /kp and SAG*/n calculated for this mechanism 
are shown to be more consistent with the observed values 
than are those calculated for two-bond cleavage. Thus, 


we would favor the one-bond cleavage pathway if forced 


to make a choice between the two mechanisms. 


(1) Product Studies 

Inasmuch as the kinetic studies of the preceding 
section on the thermolysis of 4-methylene-l-pyrazoline 
(30) and its deuterated derivatives did not provide 
definitive information in assessing whether one or two 
carbon-nitrogen bonds are cleaving in the rate determining 
process, we turned to an analysis of the product dis- 
EE bucion, daca om Table 26 in terms oO: both TMM and 
diazenyl radical intermediates. Our investigation of 
all the possible thermolysis mechanisms is described in 


the following paragraphs. 
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Calculated and observed values of SAG* per deuterium and 


kk at. 170.0° for one=-bond and two-bond cleavage path= 


ways in the thermolysis of 46 


Two-bond cleavage 


SAGT/n 
ke /kk 
(cal mol 1) ne 
Calculated EZ 1.66 
Observed pilin: 1.38? 


“Dnata from Table*sZ. 


Pnate from ‘Table 23. 


One-bond cleavage 


SAGT/n 
k_/k 
(cal mol 1) ee 
a2 129 
Tage 1.38? 
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a. Fully concerted pathway: Each of the deuterated 
4-methylene-l-pyrazolines (42, 43, 46 and 107) was 
thermolyzed to give two isomeric deuterated methylene- 
cyclopropanes as recorded in Table 26. However, viaa 


fully concerted process, only one of the two isomers would 


be expected to form as shown in Scheme 3 below. Thus, 


N=N N=N 
42 47 43 49 
a aaa 
D, Ura —__»> 
N=N Damn 2 N=N 
46 50 107 48 
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Scheme 3 


this Scheme can be readily dismissed. 


b. Concerted two C-N bond cleavage pathway: A concerted 
process wherein both C-N bonds are cleaving in the rate 
determining step may produce one of the following three 
TiM diradicals as an intermediate. 

A planar TMM intermediate was the first to be 
considered. If a planar TMM 135 is an intermediate, as 


im Seheme 4, then the ratio of 47,48 should be the same 


shapaives githeos ed eo omedot 


heswancad. A syeliaie “vesenets. Gri 4-2 ows boIxs 

sion Of ah Gabvesto er5 ghadd BD Azod abaredw 4 

qarees Jhiamekne® wits, he are erginvag Yam Goze 
waekhdsaeticl mo en afeote 


“oF ests aid sis patios sk tore xii 

fish ork ibeubesiaect oe at See sonsiq «© Sx. .tadee - 
| rr - | 

tides sil ott Bimovis ee etd noid \h 6H sin 


=e 
- 


164. 


Observed 
eit eo 
D2 42 107 
AT 59¢ 66% 

D2 
A132 34% 
1 
48 (By ~“Hmr) 


Scheme 4 
regardless of whether the precursor is 42 or 107, and 
clearly =this as not the case. Similarly, af %a planar 


TMM 136 1S an intermediate in Scheme 5 then the ratio of 
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49:50 should be the same from 43 and 46 and again such 
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is not the case. 
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An orthogonal TMM intermediate with the original 


exo-methylene planar (i.e., Chesick intermediate) was 


then considered (24). Scheme 6 shows that on the basis 
D, 
D 
A WH 7 
PSs S H 
N=N Hig 
H D 
107 dB I 48 
ky k 
‘ H H 
Np, eles Se \ 
SID) —_———$ 
N=N H D D, 
42 138 47 
Scheme 6 


of the principle of least’ motion (31), the thermolysis 


of 107 produces one orthogonal TMM 137 whereas the 


~~w aed 


thermolysis of 42 gives rise to an orthogonal TMM (138) 
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factors (i.e.5 Ku + Ky eb) JN “CiesrormatlLloluwoer 150, and 


137 respectively from 42 in the rate determining process, 


and ky and kh Gepreseprn cue Partial tave factors (a.en,; 
ke + KN = 41) “giving 28<and 47 from J37 4n the produce 
forming process then we can calculate these values using 
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Since the ratio Gl 48-47 from 107 vs 34:66, ke = 0.34 
and ky = 066. “A value Tor Kk, Of =U, b/ tar 42 was 


then calculated by equation 48 using the Tame 


[48] 0.41 bse i? i 
— = —— = a. = (eq. 48) 
1 ' 
[47] OF 59 ky etry Merah D (kK, /kp) + k 
data in Table 26. The negative Kk, value is unrealistic. 


The kip of 0251 as also improbable if ut is) compared 
with the theoretical value of 1.41 derived from classical 
inertial arguments (25b). Similarly, by Scheme 7, we 
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Scheme 7 


former is too large and the Jatter unrealistic. -Such 
results clearly andicate that this type of orthogonal TMM 


cannot be reconciled with the experimental data. 
KKAKKKKKKEEK ; 

(Note) Equilibrating orthogonal TMM intermediates can 
abeo be ruled out since the product ratios) From 42 >and 107 
will be expected to be the same and so would those from 
43 and 46. 
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An orthogonal TMM intermediate with the original 
exo-methylene orthogonal.was considered as a final 


possibility. Scheme 8 shows that vita such an orthogonal TMM 


Scheme 8 


intermediate, 107 produces only 47, and 46 gives only 49. 


Thus, this intermediate can be ruled out. 


c. Stepwise one C-N-bond cleavage pathway: Allylic 
resonance may be effective in bringing about one-bond 
cleavage in the rate determining process and as a result, 


a tetrahedral a-methylene group of 30 will have to rotate 
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into the plane to give an allylic diazenyl species 139 
(35,60). In order to investigate the product forming 
process from the diazenyl species, we will define the 
displacement of nitrogen by the allylic terminus which 
was Originally the a-methylene of 30 as x-closure, the 
displacement of nitrogen by the allylic terminus which 


was the exo-methylene of 30 as z-closure, and the electro- 


eyeclic ring closure of the two allylic termini as 


di oye he 


y-closure. Then, the following mechanisms can be discussed: 


A product forming process using only x-, y= or z2- 
closure in the intermediate diazenyl species was con- 
Sidered. This mechanism, as in Scheme 9, provides only 
a single product from each of 107 and 46 whereas two 
products were obtained from both 107 and 46 as in Table 
26 (see also Scheme 9). 

The formation of 48 and 50 mecnece aly from 107 
and 46 suggests that x-closure must be included in the 
ProOuuc. LOERmMIuNng: Process ‘but -orher closures ate ailso 
Involved <O account Lor products ew) and 49. iii se Ehus 
necessary EO consider three closures, 1.e., (xty)=, 
(x+z)- or (x+y+z)-closure, as possible mechanisms. It 
is convenient) to anvestigate first (xty?z)-closure as 
the most general case. Then, the other two closures 
can be treated as extreme cases of (x+yt+z)-closure when 
Zi 0 on y — 0s In order to study cheese mechanisms 


information about the relative rates of the three closures 
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Scheme 9 


iff the diazeny! species for 4—-methylene-l—pyrazoline (30) 


We'chose the product distribucion 


as 


is required. 


4-methylene-l-pyrazoline-3-"~C (53) as a model 
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iE kA), ae and k, (A) represent the partial rate 
factors. [2 .e%7 kL (A) 4 ky, (A) + k fA) tsi) foxvssey Vy 
and x-closure in each diazenyl species produced from the 


precursor A then the lack of the ponderal effect (29,30) 
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imsthe rotation of a CH. group of the diazenyl species 
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ee MD a to be essentially the same. Thus, 
the, product distribution for, 53 1s expectedeto! be almost 


equalwto that for) 30: e9 Definang aS and Ke as the partial 


Bate factors. (1.e. Ky + Ke = 1) for the faster and the 


slower steps respectively in the initial C-N bond break- 
ing process and using the most normal carbon-13 isotope 
effect value of 1203. (61) and the 1s0topic purity of 674 


£Or..539 we are able tG obtain the, ratio of k (93) :k (53) 
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as 02505-0.495. Stibstituting this ratio and the product 
Pato, Of .64:36 for 54:55 (10a) into equation 49, the 
ratio of Ky (23) sk (3): k7 (52) can be calculated. We 
Gannot obtain a solution, forsequation 49 as it stands, 
es ae Oe 
[55] i: 0.36 7 0.5097 kK (53) 40. 495-k7 (53) 


(eq. 49) 


but if we add the relationships k, (53) + k, (53) = k (93) 
and k (53) + ky (53) + k, (53) = 1.0, then we have three 
equations and three unknowns. For the case where 
k (53) = k, (53) the solution for ee ee) is 
0.28:0.44:0.28. When the value of ae) or kk, 33) is 
zero aS in the extreme cases, i.e. (x+z)- or (x+y)-closure, 
then we obtain the ratios of ee sme Ole iS 
and 0.29:0.71 respectively. These results clearly 
demonstrate that the value of the partial rate factor 
k (53) PSvaiWays wilehin Liew rancge (Um mio 0. 2108 

The validity of this (sty+z)—closure mechanism can 
be tested by comparing the calculated ratios with the 
Observed ratios, -bisted in Taber 26.5 in order, tor.do 
this, we chose, as the model, a diazenyl species whose 
possible rotomers (e.g. 143 and 144) are in conformational 
Ggul librium with One another. ~1lt is then expected that 
this diazeny! species will undergo both x= and z-closure 


with kL (53) and k (53) having the same magnitudes. As 
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indicated previously, the ratio of Bl Ses A) bie 
is 0.28:0.44:0.28. It should be noted that the value 
Ob 10.2 ot os k (53) is essentially independent of the 
carbon-13 isotope effect even if the value of this effect 
TSvacenachaas: 1.) > 

We miext Calculated the product ratios for 107 and 46. 
As in Scheme 1l, 107 GO2nd  ehwoucgh 140 produces a 66:34 
Mixture of Ae Oy and 46 going through Lat gives rise 
toca 7:23 MYYEuLre: of 49:50 (see Lime data in Table 26 
and aise Scheme 11). The products, 48 and 507 can be 
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produced only by x-closure in 140 and 141 respectively. 
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deuterium isotope effect in the product forming pathway 
since x-closure in 141 involves an allylic cD. rotation 


whereas x-closure in 140 does not. For 141, both x= 
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of the allylic termini, are considered to be Sx? type 
reactions, therefore these closures are expected not to 
show any Significant iLsotope effects due to the deuterium 
subsitution in the tetrahedral methylene. The absence 

of an appreciable secondary isotope effect in such an 
a-deuterated substrate subjected to a direct displacement 


reaction is a consequence of the cancellation of the loss 
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of an HCY bending force constant from the leaving group 
by the gain of an HCX bending force constant from the 
entering one (62): We are then left with the task of 
deciding which group CD, or CH, will rotate more readily, 
because of the isotope effect. There are two views on 
the Origin Gf Chis 1s0tope effect (255). “As mentioned 
previously in the Objective’ section, a classical inertial 
argument gives rise toa KL kp Value OL =i.414.5) On the 
other hand, in quantum mechanical terms this isotope 
effect can be seen in the thermal isomerization of 48 


vita the orthogonal TMM (145) to 47. The substitution 
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of deuterium for hydrogen on the exo-methylene of 


methylenecyclopropane (31) will lower the zero point 


energy of all vibrations associated with the exo-methylene, 


but since the hybridization of this carbon probably changes 


very little from the ground state to the transition state, 
the torsional vibrational mode is the one on which to 
focus. in Si, the torsion has y= 749 oi and in 46, 


(oe Skye Ge 


(63) Thus, the, zerospoine energy. as 
lowered 106 em + upon deuteration which corresponds to 


303 cal mol +. In the formation of 47 via 145, the 
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On the other hand, EO 46, assuming that the D5C-N 
bond cleavage in Pat proceeds as fast as the y-closure, 
then there arises a question whether the D,C-N bond 
cleavage can induce an isotope effect in the y-closure 


Tor 141 Chienie. 25 given as 0.581 2 702rerbpy equation Sl 
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[49] Orie k, (46) at: k, (46) Kk, (53) /(R-¥) ce kK, (53) 


[50] Oe k, (46) k (53) /R 


beh se) 7% E k, (53) °R OTA 47 Nort 10.20 lea 


k (53) Ons Pate! 


This value clearly indicates that there is no such 
isotope effect in the y-closure since an inverse isotope 
effect is inconceivable. Consequently, if this mechanism 
is the correct one we can suggest that the rotation of 
the two allylic termini has priority over the D5C-N 
bond cleavage in the product forming y-closure process. 
Then, assuming Y = 1, the percent product ratio of 
49:50 EGi 46 Cal Dewobeatned as) io ee lees 2 by pequat ton 
S1 above. This is quite consistent with the observed 
tatizo asin Table 26 “see also Scheme 13) within the error 
Limite or 22%. 

We then carried out the same analysis that described 
above on the products 42 and 43 (see Scheme 12). If k 
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deterining C-N bond cleavage process, then the isotope 


effect allows k. to become smaller than Kae The observed 
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secondary deuterium kinetic isotope effect of 1.38 and 
the isotopic purity of 97% (see Table 23) yield values 


of kik Of 02583-0742" for botn-42- and 43; Scheme 12 
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shows that 42 produces 47 and 48 via two structurally 


different diazenyl species, 149 and 150, and also 43 
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gives 49 and 50 vta 45 and 151. It is thus expected that 
for either 42 or 43, the ratio of Meo ag in one diazenyl 
species should be different from the ratio in the other, 
Since the two species display the isotope effect dis- 
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2 
represent the partral irate factors: Lor the ring closures 

in 149 and 45 produced by the faster a-cleavage process, 

and koe ae and KS represent those in 150 and 151 produced 
by B-cleavage then their ratios for 42 and 43 can be 
calculated from equations 52-55 (see Scheme 12). By 
anserbting the value of 1241 for the rotational (or torsional) 


isotope effect and using the previously derived ratio of 


O22620. 44-0528 "Lor ee ee we can obtain 


II 


k.(42) + ky (42): i, (42) 


x (42 k,.(53) + ky (53) +, (53) 


On25 9: 0244 2/0628 (eq. 52) 


ky (42) + ki (42) 2 ks (42) 
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= 0.25 : 0.40 : 0.35 (eq. 53) 
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the values of the ratio for 42 and 43 and these are listed 


With equations 52-55. “lt should be moted that rChesemratios 
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have been normalized to satisfy k +k. +k =| and k*' + k? 
| ere Y Z x x 

+ iS —Jl. (ne DrOducteratios or 42 and 43>can be 

calculated by equations 56 and 57 (see Scheme 12). The 


(47) Kye Ok (42) + (42) + ys OE (42) + Hy (42) 


[48] Me ye) aie Ra ke) 
meee (Unco Uecoly 0AZ (025 ete 0) - 0.60 (eq. 56) 
Of 508054457 10542. 0.55 0.40 
[49] kyr Ok (43) + ky (43)] + kgs OK (43) + 5 (43)] 
(50) Kak, (43) + kgs ky (43) 
me Ooo Or Dt Oe) M02 (03 2 0 2) O20. (eqens7) 


ORS 6-02.25) + s0s4 2-086 0830 


results obtained (see also Table 35) are in good agreement 
with the observed ratios quoted in Table 26 (see also 
Scheme 12) which were derived from Lm and 2 amr analyses. 


The 2 


Hmr data are in good agreement with the calculated 
BACLOS; tae. within, the mange Of 212. Such fesults. may 
not be surprising since the observed product ratios were 
obtained directly from integration of the deuterium 
Signals, not requiring the correction for deuterium incor- 
poration that, is) required tor shine: 

The calculated product distributions obtained above 
are summarized in Table 35 and, lead us to consider the 


(xt+ty+z)-closure mechanism aS an appropriate one. However 


such a choice cannot be made definitively until all the 
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other cases, wherein kL (53) # k (53), are examined. If 
rotation in 143 leading to 144 is not as fast as either 


X- or z-closure then ky (53) x Kk (53) and 143 may be 
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expected to be produced as a major species after one C-N 
bond cleavage. Then, x-closure will be the front-side 
attack by an allylic terminus (which was originally the 
a-methylene of 53) on the tetrahedral methylene position 
and z2-closure the back-side attack by the allylic terminus. 
If we chose the two extreme cases as the examples for this: 
i.e. when k (53) = 0 [(xt+y)-closure] and when ky (93) = 0 
[(x+z)-closure], then the former case represents the front- 
side attack for x-closure and the latter the predominant 
back-side attack of z-closure. The calculated product 
AVSELTDULLONS For 42, 43, 46 and 107 using these two 
closures [(x+y)- and (x+z)-closure] by a method analogous to 
that demonstrated for the (x+ty+z)-closure wherein ky (93) = 
k, (53) are presented in Table 35. The observed and 
Calculated ratios are not in good agreement for 46 in the 
(x+y)-closure model and for 42 and 43 in the (x+z)-closure 
model. These results demonstrate that all three modes of 


ring closure (xt+ty+z) are involved in the product forming 
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step. It should be noted that when the values of n, 
where n is the ratio of z- to x-closure for 53, are in 
the range of O7S"to 1.25), sthe calculated product ratios 
ane acceptable, Je. within 222 0f the observed.) “fhe best 
resules are obtained with n= 1. 

We must ask ourselves whether the nitrogen is still 
involved in the product determining step, for what we 
have demonstrated is that one of the ring methylene 
Groups Stays stereochemically, Or ScoOlchiometrically, 
unique, and this could be achieved by employing the 
Chesick intermediate (24) and by adding in the y-closure 
which we did not consider in our discussion of the two- 
bond cleavage mechanisms. Such a y-closure requires all 
three methylene groups to rotate, the two that are 
Originally injthe four carbon plane to rotate out and 


the one that is originally orthogonal to rotate into 


ine oe este 
tek, 


H H 


the plane; essentially maximum motion. Such a y-closure 
does not seem probable if we examine the isomerization 
of some methylenecyclopropanes (64,65). The thermolysis 
rls 152 GOligachrough 153 equilibrates 152 and 154 by 


essentially x- and z-closure, and no 155 by y-closure 


(64). “Here, the orthogonal methylene group 1s used as 
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a pivot (66), and analogous results were obtained for 


156 and 157 (65). We are thus encouraged to consider 
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y-closure as being an electrocyclic process. 
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We conclude that all of the data can be rationalized 
on the basis of a diazenyl intermediate, 139, and that 
ring closure modes x, y and z vary in their role depending 
upon the position of deuterium substitution. 

One possibility which has to be considered is re-closure 
of the diazenyl intermediate into the precursor. The 
activation energy for dissociation of the intermediate to 
the products is informative in this regard. Baird (67) 
has predicted, using ab tnitto molecular orbital calcula- 
tions, that the activation energy for the reaction H-N=N: 


1 


POoH Nis 22. Go kcal mol It is expected that this 


would be smaller for a more stable hydrocarbon radical and 


from bond dissociation energies (BDE) we would predict 


that. for RCH,° the barrier may be reduced by 6 kcal mo1 + 


(compare H-H BDE of 104 with RCH.4-H BDE of 98 kcal mole 


Pe 
when R = Me or Et). If allylic resonance is of importance 
then this could be further reduced (BDE of H-CH, CH=CH, is 

88 kcal mol *) to a value of approximately 6 kcal mo1 + 


17 GvetOrad Vvalie- of the order Ob.the Lotational energy 


barrier. Cameron (10a) observed that 43 did not rearrange 


products 
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36 41 
to 46. However, Berson (6a) did observe the re-closure 
Of the diazenyl radical. AS mentioned previously in the 
Historical section (11), for the more planar monocyclic 


pyrazoline 43, cleavage of the C-N bond in the diazenyl 
species 45 may be easier than rotation and rebonding to 


the exocyclic CD Onethe Other hand, recombination to 


3° 
4l Can be tacilitated in the bicyciicusystem.36 Since 
the exocycolic asopropylidene group is much closer to the 


diazenyl nitrogen because of folding. 


B. Thermolysis of 4-Alkylidene-l-pyrazolines 
(3) Bkaneuic sStudies 
a. Thermolysis of 4-ethylidene-l-pyrazoline (69) and its 


deuterated derivatives CG i) and T23) 


Prior to the presently described investigation, 
Sonrmiver and Godarae tll 34). studied» the ratios Of products 
EVOm.65 7. / Oa lic 77. They were unable to obtain kinetic 
data due to interference from tautomerism, but by using 
the stainless steel reaction vessel we have been able to 


minimize the tautomerism to such an extent that a kinetic 
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study of these molecules, and of 128, appeared profitable. 
Since they had rationalized Che sOrOocuchwULOpere 1 ons oI) 
terms of an asymmetric cleavage of the C-N bond, the 
asymmetry should be reflected in the secondary deuterium 
kinetic isotope effects for these molecules. 

Using the kinetic data from Table 25 we have recorded, 
in the second column of Table 36, the values of SAG per 
deuterium for each of the deuterated 4-ethylidene-1l- 
pyrazolines. We have also considered the model wherein 


the bonds a (the faster) and 8 are breaking competively 


in the rate determining step. Using equations 58-61, and 


ep N= N=N Kg N=n k ky N=N k 
69 16 77 128 
Obs. 
10°k 1.94 1.63 1.82 ey 
(see "} 


assuming chat deuterium substrtution vat the. syn-methylene 
group does not altect the rate: constant for, cleavage of 
the a-bond [i.e. Kk (77) = k (69) ] ancdvthat substicuczon 
at the anti-methylene does not affect the rate constant 


forvcleavaue Of therwep—bond. [1 e.0k (76) = Kk, (69)] we have 
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calculated SAG™ per deuterium and the proportions of the 
thermolysis putatively going by a-bond cleavage and 8-bond 
cleavage. These results are listed in the third and fourth 
columns of Table 36. 

It 1S apparent that the one-bond cleavage mechanism 
gives a value for SAG per deuterium in good agreement 


with the generally-.accepted range of 90-120 cal mole. C2652 5/ie 


b. Thermolysis of 4-alkylidene-l-pyrazolines 

Earlier attempts in this laboratory to measure the 
rate of the thermolysis of several 4-alkylidene-1l- 
pyrazolines had failed, the reason being the intervention 
of tautomerism possibly due to surface catalysis. Having 
been successful with 4-methylene- and 4-ethylidene-1l- 
pyrazoline we turned our attention to other compounds 
previously prepared by Tokunaga and Schrijver (10a,11,48). 
The relative rates for these compounds along with those 


Ofe62 152) and 65 (33) sare listed in lable 37. The 
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Table 36 


Observed values of SAG™ per deuterium for one- and two-bond 


~ 


cleavage pathways and ratios of k_ (A):k,(A) for one-bond 
a eee ee ge A eee 


cleavage in ethe thermolysieror 69) 76, 7 and 123 


~~~ew 


Two-bond cleavage One-bond cleavage 
SK éAG' /n k (A) kp (A) # 
(A) (Ge en cack mele 
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See Scheme 13. 
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Table 37 


The relative rates, “at 170-0" 


of some 4-alkylidene-1l-pyrazolines 


Relative Relative 
Compound Pate Compound Paces 
pa 2230 ONe O90 
NON N=N 
89 56 
i Dead. 0255 
N=N N=N 
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69 62 
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calculated from the data in Table 20. 
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results are noteworthy ~onlyein thatemethylation results an 
such: a small change in the thermolysis rate. Only com- 
pounds 62 and 65 have the thermolysis rates which differ 
Significantly from the others. This suggests that the 
methyl groups are indeed manifesting steric factors which 
decrease the thermolysis rate constant, probably by steric 
crowding in the transition state. 

(ii) Product Studies 

a. Thermolysis of 4-ethylidene-l-pyrazoline (69) and its 


Weuberateds denivatives a /Gandiid )) 


Table 9 (11) shows that 69 gives rise to a 90:10 
Mixture of 70:71.) Phis can be rationalized ‘qualitatively 
in the following manner. As noted previously in Table 36, 


(pla(2) hefsnevkoy ese kK, (69) ek, (69) was found to be 0.72270 728. 


This indicates that 159 should be the major intermediate 
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Species; and will thus control the product ratios = Product 
70 can be obtained by (y+z)-closure in 159, and (yers i 
closure in 160. The product ratio of 90:10 for 70:71 
indicates that (y+z)-closure has increased at the expense 
of x-closure. One possible reason for the decrease of 
x-closure in 159, the major intermediate, is that back- 
Side attack (4a,68) by the allylic terminus on the tetra- 
hedral methylene is favored over front-side attack. Then, 
in 159, FeStriction in the rotation of the aze group 
around the C3-C, Single bond due to the steric effect of 
Ee ume cnyLegLOoup.On Ce would increase z- and y-closure at 
the expense of x-closure. 

Further insight can be gained by examining the 
products from the thermolysis of the dideuterated deriva- 


dimer (*Hmr) data 


tives of 69, d= Ge 76 and te From the 
in Table 30, for the deuterated 2-methylmethylenecyclo- 
propanes, we see that 76 produces an c0:207 (6 he19) 

mixture of 78:79. This implies that y-closure predominates 
in the major intermediates (161 and 163) and that more of 
the major product (78 1 Ome 76, and 7? £OiG Le) can be 
produced from Teh Ena eom 76. Such a result can be 


explained by the observation (see Table 36) that 77 forms 


163 to a greater extent than 76 forms 161 (ae es Ky is 
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faster in 77 than in 76) and also the deuterium isotope 


effect for CD. rotation (torsion) can slow down y-closure 
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in 161 ana y"=-closure ian 164.-—i1t should be noted that 


Lim (tia) data in Table 31, for the deuterated 


from the 
ethylidenecyclopropanes, 76 produces 91:9 (90:10) mixture 
Of 81:82 and /7 qiveserise to. a 7:93 (87929) mixture of 


ol:G2. This could imply that approximately 102 of the 


nw ~~ 


major diazenyl species, 161 and 163, convert into 164 

and 162 respectively. It should be noted however that 

82 CONnStEAGuces ‘only 3 of theytotal product: from 76 and 
that 81 represents less than 0.8% of the total hydrocarbon 


derived from 77. 


b. Thermolysis of other 4-alkylidene-1l-pyrazolines 

In order to further test the one-bond cleavage 
mechanism which we have proposed, analyses similar to 
that in the preceding section were performed to explain 
the products from the thermolysis of some 4-alkylidene- 
l-pyrazolines which had been reported previously from 
this bolocatony es (20a ty os 29) 

Asean analogy to 69, the productstirom 83 (secre Table 
11) were examined. Compared to the methyl group in 69 
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mainly a-cleavage to produce 165. In 165, the steric 
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hindrance due to the ¢-—butyl group can suppress x-closure 
vta the back-side displacement of the allylic terminus 


(C.).- The major product, 85, will form predominantly via 


(y+z)-closure. This can be confirmed by analyzing the 


deuterated 2-t-butylmethylenecyclopropane products from 84. 


We suggest that 87 will be obtained principally vita 
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y-closure in 167. 
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The products from 98 are presented in Table 13. Due 


to the steric effect of the methyl group on Cc a-cleavage 
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is expected to give mainly 169 as the diazenyl intermediate. 
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Observed 71.53 : £6. 0% : a7 os None 


Then y-closure in 169 gives rise to 99 as the major 
product. The minor products, 101 and 100, can be produced 
vta x- and z-closure respectively in 169, and by x'- and 
y'closure in 170. It should be noted that the steric 
effect of the methyl group on Ce. in 169 may prevent 169 
from converting into 171. However, such a conversion 
might have occurred for 76 and 77 and could account for 
the trace components 82 and 81, respectively. 

The products from 89 are listed in Table 12. Because 


of the steric effect of the methyl on Cé 173 is expected 
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to be: the major diazenyl species... In 173, the- steric 


hindrance for x- and z-closure by the methyls on Co and 
Ce can Suppress x- and z-closure and y-closure is expected 
to be much faster. Thus, y-closure: in 173 will give rise 
to 172 as the major product. The x-— and z-closure in 173 
as well as some of the y'-closure in the minor diazenyl 
species, 174, (vita B-cleavage) produces 93 in moderate 
yield, whereas only some of y'-closure in ie gives rise 
EO 94 in very low yield. 

The products: Lor 90 (see Table 12) can be rationalized 
vta the diazenyl species, 175 and 176. Considering the 


steric effect of the methyl on Ce in 90 then the major 


Species will be vil75 v2q a-cleavage., In fact; the product 
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Batoqoh 33:67 or 172293494 indicates that x- and y-closure 
in 175 mainly give rise to 93 and eke as the major products. 
The’ z—c losure "in 175 and y'=closure in the minor species, 
176, produce 172 as the Minor: produce. 

Thermolysis of 57, Going vid 177, produces a 63:37 
mixture of 58:59 (see Table 7). This implies that the 
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indicates a fairly large magnitude of x-closure in spite 
of the restriction to x-closure because of the steric 


epiect oc the smerny! onic This can be rationalized by 


6" 
considering that y- and z-closure are also suppressed due 


to eehe steric effece by the methyl on, Cc i.e. the 


6! 
tertiary radical is either a poor nucleophile or there 
is a ponderal effect. 

The products for 56 are presented in Table 7. If 
the C2-N bond in 56 cleaves first due to an inductive 
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effect, to produce 177 as the major diazenyl species 
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then this is the very same species produced from o7. 
However, if 177 is greater than 50% of the total inter- 
mediate species (18/37 th's) then it is not possible 
tonaccount for the products from 36. Since the relative 
rate data in Table 36 show that the methyl groups have 
slowed down the absolute rate relative to 30 we may 


choose the Co-N bond in 56 as a which will cleave to 


Give rise to. l/78, as the major diazenyl species. in any 
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event 178 has to give principally 58 vta x- and z-closure. 
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This can be rationalized by assuming that the C3-N bond 
in 178 cleaves, prior <o ring closure, to: produce: a 
Chesick intermediate (24) presumably because of the in- 
ductive effect of the methyls on C3- in order stoscenfirm 


this, synthesis and thermolysis of 179 is needed. 
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Similarly, the products from 68 (see Table 9) can 


be rationalized by considering 180 as the major diazenyl 
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species, which undergoes exclusive x- and z-closure to 
give 70 as the major product. 

A possible Chesick intermediate, 182, which is 
produced from 181 can also explain the products from 62 


if the magnitudes of x- and z-closure are comparable to 


one another. 
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The products for the thermolysis of the 4-alkylidene- 
l-pyrazolines studied could qualitatively be rationalized 
and thus, this may be considered as additional evidence 
supporting the one-bond cleavage process for the thermolysis 


of 4-alkylidene-l-pyrazolines in general. 
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All boiling points are uncorrected. 

Gas Si@armochacts Seacectiitene on a preparative 
scale were achieved on a Nester Faust Model 850 
“Prepkromat™" connected to an Elecktronik 18* strip chart 
Contact recorder. 

The proton nuclear magnetic resonance spectra were 
obtained using a Varian A-60 spectrometer, a Varian 
HA-100 spectrometer and a Bruker WH-400 high field cryo- 
spectrometer. The deuterium nuclear magnetic resonance 
analyses were carried out on a Bruker HFX 90 spectrometer 
in the Fourier transform mode, and a Bruker WH-400 high 
field cryospectrometer. 

Exact masses were determined on an A.E.I. MS9 mass 
spectrometer. The mass spectra analyses at low ioniza- 
tion potential were performed on an A.E.I. MS2 instrument. 

The Fourier transform infrared spectra were obtained 
WsiIng a Nicolet. (199 Transtorm interrerometer. 

Microanalyses were performed by the Microanalytical 
Laboratory of the Department of Chemistry, University of 


Alberta. 
AsvAIreBath System 


The kinetic experiments in the thermolysis of the 


4-alkylidene-l-pyrazolines were conducted in the static 
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vacuum system shown in the schematic diagram (Figure 49). 
Transducer emf was Byers to be directly proportional to 
the pressure used (0-200 Torr) by plotting emf against 
the pressure as recorded on a mercury manometer. The 
system was equipped with Hoke stainless steel diaphragm 
and bellow valves. A 250-ml cylindrical type stainless 
steel treaction vessel (6.5 cm x 7.0 cm 1-d.)" was situ— 
ated in a well-insulated air bath (69) with fast air 
circulation provided by a high-speed fan located at the 
bottom of the bath. The main heater, controlled by a 
Variac variable resistance, was used to bring the 
temperature to about 20°C below the desired operating 
temperature, and a secondary heater controlled by a 
Melabs Model CTCIA proportional temperature controller 
was used to maintain the desired temperature. 

The temperature was measured by a Hewlett-Packard 
(HP) Model 2802A thermometer system calibrated against 
an ice-point reference. The temperature of the system 
was monitored by an HP Model 3470A digital display 
system, and the long term stability of the temperature 
was better than 20.1°C. 

The measurement of the transducer emf was performed 
using an HP Model 34701A DC voltmeter coupled to an HP 
Model 34721B BCD module which was connected to a 
National Semi-conductor LX 1702A transducer functional 


in the pressure range of O-l atm. The emf was monitored 
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A: air bath B; reaction vessel 


Cz high temperature. Hoke D:gingjectionyport 


valve 
Hye point of sealang Ee hoke valve 
G: Pirani gauge H: sample tube 
I: cut J: Pumps 
K: argon tank ips tubing with Silicone oil 
M: transducer N: voltmeter 


O: recorder 


Figure 49. Schematic diagram of the apparatus used for 
the kinetic studies in the thermolysis of 


4-alkylidene-l-pyrazolines. 
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by an HP Model 3470A digital display system and was then 
recorded aS a Cunenan of time by an HP Model 5150A 
thermal printer. The stability of the emf was better 
than +0.002 volt during the measurements. 

In order to avoid condensation of the pyrazolines, 
the Pyrex, tubing "LL" “(see Figure 70). connecting the 
reaction vessel (B) and the transducer (M), was filled 
With high) borling Ge Silicon j01l 7/105) During thermolysis 
the oil level "U" was maintained just inside the insulat- 
ing wall (P) of the bath (A). It should be noted that 
the oil slowly evaporates into the vacuum system, when 
the oil level is raised into the air bath (A). The oil 
level was adjusted by controlling the pressure in the 
vacuum system while the three-way vacuum stopcock (S) 
connected to the silicon oil reservoir (R) was open, and 
then by completely degassing the oil in the tubing "L" 
with the stopcock "S" closed. The Hoke model 421306Y 
high temperature valve (C) located inside the air bath 
Leas welleas  _ he oi lvocon owl inthe tubing. i) splay 
a role of eliminating any dead-space effects during 
the measurements. The hole "T" in the insulating wall 
(D\swas tilted» with glass wool, to prevent: Loss of feat 
irom «the: bath (A):. 

The vacuum manifold valves (Fy, Fo, F, and Fy) were 


Hoke Model 4251N6Y stainless steel bellows valves. 
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Olli) tubing system. 


A; air bath Bs Leaceton vessel 
LL: Pyrex tubing with Pp; insulating wall 
Si tCOn, Owl 
M: transducer QO: ilextble = stainless steel 
tubing 
Re sbescivoln Of Stlicon S: vacuum stopcock 
ayilal 
Tepnole in they wali. (Pp) Us cis lever 
Pigure /0. Detailed schematic diagram of the silicon 
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All the sample was injected into the reactor as 
gases over a period of 5-15 seconds depending upon the 
thermolysis temperatures and the reaction rates. 

The method of operation of the apparatus (Figure 
49) is described in the following paragraphs. 

After evacuating the system using an oil pump with 
the valve "Fy" closed, the valves "C", Pet "Fo" and 
"EF" were closed and dry argon was flushed through with 
the valves ical open. A pure liguid sample (80 ul) was 
placed into the sample tube (H), and degassed at least 
three times according to a standard procedure. The 
degassed sample was then transferred into the bottom 
of the U-shaped Pyrex tubing (D) with the aid of liquid 
nitrogen. After sealing the tubing at "E" using a 
torch, the sample was injected as a gas into the reac- 
£ion vessel (B) ‘by plunging the *tubing™"D" into boiling 
water contained in a Dewar bottle while the valve "C" 
was open. The valve "C" was then closed 5-15 seconds 
later, and the recorder (0) was started at the same 
time. During the thermolysis, the left-over sample 
remaining in the line between the tubing "D" and the 
Valve "C" was CGondensed at "D" by the aid of liquid 
Nitrogen, and discarded by cutting the tubingeat *i" 
This avoided any difficulties in the subsequent glass 
blowing. A new U-shaped Pyrex tubing was connected at 


“p' by qglass blowing, and evacuated It should be noted 
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that two flexible stainless steel tubings were placed 
between "C" and "Dp" Sas between "D" and ir to prevent 
breakage of the Pyrex tubing during the glass cutting 
and blowing operations. After the thermolysis, the 
products in the reactor (B) were transferred by evacua- 
tion to the short Pyrex tubing which had been connected 
ab the bottom of "DD". The short tubing was sealed using 
a torch, and the whole system was then evacuated with 
all the valves open (except yee) fOr ateLeast nalt va 
day to be ready for the next run. In this way the 
apparatus was kept clean throughout more than one hundred 
runs, and the results were reproducible. 

The nondeuterated and deuterated methylenecyclo- 
propanes formed in the thermolysis of the corresponding 
4-methylene-l-pyrazolines were collected in the follow- 
ing manner. After the thermolysis, the products trapped 
in the tubing "D" were transferred to a new tube ora 
breakseal at "H" which was cooled in liquid nitrogen, 
while warming the tubing "D" in an ice-water bath. In 
this way the tautomers of the pyrazolines would remain 
at "Dp". Chloroform-d or carbon tetrachloride was added 
Lo cne produces trapped. an the tube at. Hy, and the 
resulting solution was used in the nmm analysis of the 
Products. /the products trapped in thesbreakseal at "H= 
were analyzed by mass spectrometry to determine the 


deuterium content of the pyrazolines. 
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Nondeuterated and deuterated 2-methylmethylenecyclo- 
propanes and ethylidenecyclopropanes were obtained by 
the thermolysis of the corresponding 4-ethylidene-1l- 
pyrazolines sealed in breakseals in a well insulated oil 
bath. The temperature of the oil bath was controlled by 
a Melabs Model CTCIA proportional temperature controller, 
and measured by an HP Model 2801A quartz thermometer 
calibrated by the National Bureau of Standards. The 
long term stability of the system was better than +0.1°C. 

The thermolyses of the pyrazolines were conducted 
in breakseals of approximately 80 ml volume. The initial 
pressure inside the breakseal was kept at approximately 
1 atomosphere at the reaction temperature of 175.2°C 
by filling each breakseal with about 200 ul of the pure 
pyrazoline by vapor transfer. After thermolysis, the 
breakseal was put quickly into ice-water to quench the 
reaction. The contents of each breakseal were vapor 
transferred into the trap. The trapped products were 
dissolved in 300 wl benzene or in chloroform, and separat- 
ed by preparative gc. 

The gas chromatographic separations of the products 
were performed by injecting up to 100 wl of the sample 
SOlumCION intola O0VLt x. 0. 25) 1m. Columne packed? with. 20% 
SF-96 on Chromosorb W. The column was kept at 60°C and 


the injection port at 100°C withea heliumitlow rate of 
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100 ml/min. The retention times were 24 min. for 2-methyl- 
methylenecyclopropanes and 34 min. for ethylidenecyclo- 
propanes. The separated products were then analyzed by 


glia 
C. Preparations 
4-Methylene-l-pyrazoline (30) from Allene and Diazomethane 


The procedure was essentially that of Crawford and 
Cameron (10a). A solution of diazomethane (6 g, 0.14 
mol) in absolute ether (400 ml) was prepared from N-methyl- 
N-nitroso-p-toluenesulfonamide by the method of de Boer 
and Backer (70) andi carefully distilled at 33-34°C ‘to 
give a concentrated solution of diazomethane (60 ml) (35). 
Allene (30 ml) was then condensed into a 200 ml pressure 
bottle cooled in a Dry Ice-acetone bath. The solution 
of diazomethane was added to the pressure bottle, it was 
sealed and allowed to warm to room temperature. After 
a day or two the yellow color disappeared, the bottle 
was recooled, opened, and the excess allene and ether 
were distilled under atmospheric pressure. The residue 
Gtstiled) torgiverthe: product (75 a, O2emmol, Gos yield), 
Pew (6. 0 Ton i it. 149-5067 3a. Lorin )e. 

The 60 MHz Lim spectrum 6TMS (benzene-d_) showed: 
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4-Methylene-1-pyrazoline-3,3-d, (42) 


The procedure was similar to that described above 
for the synthesis of 4-methylene-l-pyrazoline from allene 
and diazomethane. A solution of diazomethane-d, C322 Gh, 
73 mmol) in absolute ether (30 ml) was prepared by the 
method of Gassman and Greelee (71) and reacted with 
ailene (lo ml) ‘to give the produce (2.970, 34 mmol, 

47% yield). 

The 100 MHz tam spectrum 6éTMS (benzene-d ¢) showed: 
4247 (triplet, J = 2.3 Hz, 2H) and’ 4.70 (pentet, J. =. 2.3 
HZ, 2H); and indicated, 97 £ 1% isotopic purity. The mass 
spectrum. indicated 97.0 £°0.1¢ isotopic purity (Do = 0.6, 


Dias 420, D, = 94.6). 


4-Methylene-1-pyrazoline-3,3,6,6-d, (43) 


210% 


The procedure was similar to that described previously 


for the synthesis of 4-methylene-l-pyrazoline from allene 
and diazomethane. Allene-d, was prepared from hexa- 
chloropropene according to the method of Morse and Leitch 
(72) with the modification that most of the propyne-d, 
was removed by passing the mixture of allene-d, and 
propyne-dy through two portions of an ammonical silver 
nitrate solution (35) stirred vigorously by a magnetic 
etirrer. A solution of diazomethane (3 9g, 71 mmol) in 
absolute ether (30 ml) reacted with allene-d, (Beg 5 1 4 


mmol) to give the product (2.7 g, 32 mmol, 45% yield). 
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The 100 MHz Lome spectrum 6TMS (benzene-d¢) showed: 


4.47 (singlet); and indicated 97 + 1% isotopic purity. 
Tuesmass Spectrum indicated, 97.L)2 0.1% 1s0topic purity 


(Do ee yee On (sepa etm pa oe) eal yusl) ep Oe) 


4-Methylene~1l-pyrazoline-3,3,5,5,6,6-d, (44) 


The procedure was Similar to that described previously 
for the synthesis of 4-methylene-l-pyrazoline from allene 


and diazomethane. A solution of diazomethane-d (CALAN 


2 


73 mmol) in absolute ether (30 ml) reacted with allene-d 


(599,114 nmol) tovgive, the product’ (2.7 "gq, 32) mmol, 
42% yield). 

The mass spectrum indicated 96.8 + 0.1% isotopic 
punky. (Do =—-0, Dy = 0, D5 = ey Ope ae Oo, lepers he le 


De = 14.4, De F Goes it 


J-Nfcro.>- (nydroxymetoy lt) —2-pheny lio -d oxen (108) 


The procedure was essentially that of Scattergood 
and MacLean (38). MTris-(hydroxymethyl) nitromethane 
Cioa7o, 5. 0)mol) wes Sadded to distilled water (500 ml) 
and methylcellosolve (500 ml) in a 3-2 three-necked 
rouna—bottom flask fitted with a rerlux condenser, a 
dropping funnel and a mechanical stirrer. Benzaldehyde 
SJ egyeoel mol wand conc.s Nydrochloriceacid. (400 mi) 
were added to the flask. The reaction mixture was kept 


at room temperature with mechanical stirring for 3 days. 
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The solid products were filtered, washed with distilled 
water until neutral and unreacted aldehyde had been 
removed; and air-dried. Recrystallization of the crude 
product (886 g) from ethanol and water was followed by 
drying over phosphorous pentoxide in a vacuum dessicator 
to give sd white crystalline product (850 gg, 3.56 mol, 
Vie et evr! oy, Mp teat eole Clit. Leas oC). 


The 100 MHz + 


Hmr spectrum 6TMS (DMSO-d _) showed: 
Seo geCOUDLet, 0) = l2ehz, 2h), 4-be (dOubDle: oF silignt 
MUverplets ed = 2 Hz, 20), 4.77 (acublet of slight 
MULL Iplets, i — 2 Hz, 2H), 5.54 (eriplets, vu = 6G Hz, 


ij, o.oo. (Singleu,, 1H), and 7.37 (singlet, oH): 


SaAmInos- (nydLroxymertny il) =2-pheny U1) 3 =diexan (109), 


~y~wn 


The procedure used was essentially that of Marei 
and Raphael’ (39). A ‘solution of S=nitro—5= (hydroxy— 
methyl1)-1,3-dioxan (57.0 g, 0.24 mol) in absolute ethanol 
(1.0 1) was shaken with a small quantity of Raney-nickel 
(73) “and fi1tered. The filtrate: was “stirred vigorously 
with fresh Raney-nickel (10 g) under 1,500 psi of 
Hvarouelm at b0-CG Lor 5) lr Mi fan auvoclave. © Elitration 
of the solution and evaporation of the solvent using a 
rotatory evaporator was followed by trituration of the 
residue with skéeliysolve B to give crude product. Tlic 
crude product recrystallized in needles from ethyl 


acetate to give a white solid product (48.0 g, 0.23 mol, 
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95.8% yield), mp 117.5-118-5°C (lit. 117-118°C). 
The 100 MHz *Hmr spectrum 6TMS (CDC13) showed: 
2. .C/a(SINnGLeE won) SeSoe (singlet; 2h) 3.60, (singlet, 


Sees 40a Singlet, AEH) and, 7.38 (complexe multiplet, 5H). 
5-Ox0-2Z—-pheny 1-1 ,3—-dioxan Gl): 


The method of synthesis by Marei and Raphael (39) 
was modified to improve the yield considerably and to 
achieve a one-step synthesis of the product without the 
intermediate formation of 5,5-dihydroxy-2-phenyl-1,3- 
dioxan. A mixture of 5-amino-5- (hydroxymethyl) -2-phenyl- 
Leo otoxone (7 0.60.-g7 (0.530, MOL), and pH 6y butteresolution 
(2.0 1) (74) in a 3-1 round-bottomed flask was stirred 
mechanically at room temperature. When sodium metaperio- 
date (72.3 947, 0.338 mol) was added all,» at once with 
vigorous stirring, the reaction mixture initially became 
homogeneous, and then a white solid began to appear. 
Azter 15min of stirring, the product was!) extracted with 
dry dichloromethane (3 x 2.0 1), the extract was dried 
over anhydrous sodium sulfate and the solvent was evaporat- 
Sal susINGraerOLatoLryveVapObator iat Less i thane209C =A 
slaghtly, yellow ssolid) (55.7 g)) was produced «The solid 
was dissolved in boiling dry pentane (6.0 1). Decantation 
of the clear solution was followed by cooling and evapora- 
tion of the solvent using a rotatory evaporator at less 


than 20°C to give a white solid (50.7.9, 0.285 mol, 64.3% 
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yield) which was pure, judging from the Lime spectrum, 
and mp 68-69°C (lit. 69-71°C)). The product should be 
stored in a freezer below -20°C to prevent it from 
decomposing slowly into a yellow oil. The 100 MHz time 
spectrum 6TMS (CDC13) Showed: 4.47 (singlet, 4H), 5.87 


(Singiet, LH) and 7.42 (complex multiplet, 5H). 
Methyltriphenylphosonium Bromide 


The procedure used was similar to that of Wittig 
and.U;s Schocellikopi ((75)%., insa 200 ml pressure bottle; 
triphenylphosphine (55 g, 0.21 mol) was dissolved in dry 
benzene (50 ml). The solution was cooled in an ice-salt 
bath and methyl bromide (33.3 g, 0.351 mol) was added. 
The bottle was then sealed and kept at room temperature 
formed Aay with occasional anne After the bottle 
had been cooled in a Dry Ice-acetone bath for 30 min., 
it was opened and the white solid was filtered. The 
solid was ground to a fine powder and washed with hot 
benzene (0.5 1 each) until the washings became colorless. 
Phe product. recrystallized from dichlorometnane—-ether 
and dried at 100°C under high vacuum in an electrical 
vacuum oven over phosphorous pentoxide for 2 days to give 
a whice-coloredvproduct (/1 4, 0.20 mol, 95.237 yieldaj- 
The 100 MHz limr spectrum 6TMS (CDC1 3) showed: 3.26 


(doublet, ¢ = 13.5 Hz, 3H) and 7.72 (complex multiplet, 
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2D 
o9-Methylene-2-pheny1-1,3-dioxan 


The procedure was a modification of that of Malloy, 
Hedges and Fisher (40). A 3-1 three-necked round-bottomed 
flask was fitted with a reflux condenser, a dropping 
funnel, a mechanical stirrer and a gas inlet tube. A 
gentle flow of dry argon through the apparatus was 
Maintained throughout the reaction. Dry 1,2-dimethoxy- 
ethane (1.2 1, freshly distilled three times from lithium 
aluminum hydride) and methyltriphenylphosphonium bromide 
(151 g, 0.423 mol) were added to the flask which was 
cooled in an ice-water bath. While stirring vigorously, 

a hexane solution (166.5 ml) of 2.29 M n-butyllithium 

(76) was added dropwise through a dropping funnel. The 
temperature of the reaction mixture was then raised to 
65°C over a period of 2 hr and maintained at this temp- 
erature for 3 hr to give a yellowish or brownish solution 
of methylenetriphenylphosphorane. This solution was 
cooled in an ice-water bath and 5-oxo-2-phenyl-1,3-dioxan 
(60.9 ¢g, 0.342 mol; freshly purified from n-pentane berore 
use) in dry 1,2-dimethoxyethane (0.6 1) was added drop- 
wise through a dropping funnel while stirring vigorously. 
The temperature of the reaction mixture was then gradually 
increased over 3 hr until the solvent began to reflux. 
Arter cretiuxing £Or a day, the reection mixture was, cooled 
to room temperature. Acetone (75 ml) was added and the 


mixture was stirred for 30 min. This was followed by 
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the addition of ether (1-5 1) and stirring was continued 
for a further 30 min. Solids were removed by gravity- 
filtration and the solvents including benzene and 1,2- 
dimethoxyethane were almost completely evaporated using 
a rotatory evaporator. The residual solution was ex- 
tracted with n-pentane (3 x 0.75 1). After evaporating 
the n-pentane from the combined extracts, the residual 
solution distilled at reduced pressure to give the 
prodquct. (49°2°Gq2> 0.260 mol, $1. 9s yield); be 68-69°C/ 
Velo Orr (tits) G7 57C 73 TOLL) tii) 


The 100 MHz 1 


Hmr spectrum 6TMS (CDC13) showed: 4.47 
(Eripret ed = 1.5 hz, 4H), 4-94 (pentet. J =" 123"Hz,-2H)4 


a7 (singlet, LH) and 7.37 (complex multiplet, on). 


Methyl-d,-triphenylphosphonium bromide 


3 


The procedure was a Slight modification of that of 
Malloy, Hedges and Fisher (40). Methyltriphenylphos- 
phonium bromide (150 g, 0.420 mol) was dissolved in 
deuterium oxide (>99 at % D; 300 ml) by warming, and the 
solution was filtered. To the filtrate, 12% sodium 
deuteroxide solution (17 ml; prepared by adding 0.5 g 
of sodium to 50 ml of deuterium oxide under nitrogen) 
was adaeqd with Stirring. Alter Stirring for LO min, the 
solution was extracted immediately with distilled dichloro- 
methane (3 x 250 ml). The combined dichloromethane layers 


were separated, dried over anhydrous sodium sulfate, and 
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concentrated using a rotatory evaporator to give a light 
yellow-colored solid. This solid was subjected to the 
same reaction conditions: ‘twice more. Recrystallization 
of the solid from dichloromethane-ether and drying at 
100°C under high vacuum over phosphorous pentoxide for 
2 days gave’ a white-colored “product <(114 G7 0.317) mol; 
Toco ey Leld) 2 

Tie: LOO MAZ Lam spectrum (CDC13) indicated greater 


than’ 97 at 29D at the methyl’ group: 


o-Methylene-2~-pheny1-1,3-dioxan-7,7-d, C2) 


Se eno, 


The procedure used was that described previously 
for the synthesis of 5-methylene-2-phenyl-1,3-dioxan 
from 5-oxo-2-—phenyl—-1,3-dioxan. From methyl-d.,-triphenyl- 
phesphonium bromide (101.4 -¢,-07282 mol) in dry 1,2= 
dimethoxyethane (Q2S Ly, -a hexane vsolwteron of 2.290°M 
n=butyllithium (111 ml, 0.254 mol) and 5-oxo-2-phenyl- 
1,3-dioxan (40.6 g, 0.228 mol) in dry 1,2-dimethoxyethane 
(O74 lL); was ‘obtained ‘a "colorless Liguid product (S2.50q, 
O2183 mol, S0.23° yield). 

The 100 MHz lime spectrum 6TMS (CDCl) showed: 
A747) (singlet, 40) 5.5/7 (singlet, 1h)e and 7.37 {complex 
MuLtaplet, SH); and indicated 95°32 14 °1sotopic purity. 
The mass spectrum indicated 95 £ 1% isotopic purity 


2 


(Do = 0.9, Dy el So D5 = 91 .2).-5 Thevls +6 °MHz thins 


spectrum (CC1y) indicated >99.8% of total deuterium at 
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the exo-methylene position. 
Diethyl Methylenemalonate 


The procedure was essentially that of Bachman and 
Tanner (41). Paraformaldehyde (120 g), malonic ester 
(160 g, 1.0 mole), copper acetate (10 g) and potassium 
acetate (10 g) were added to glacial acetic acid (800 g) 
in a 2-1 round-bottomed flask. The mixture was heated 
wich stirring until’ clear; and then for -an, hour longer’. 
ie was distilled untiltthe boiling point reached 30°C 
at ao Torr. At this pownt,;- the contents of the distilling 
flask began to thicken to a paste. The receiver was 
changed, and the distillation continued. The blue-colored 
paste foamed and appeared to decompose, the product being 
evolved during the decomposition. When the paste turned 
dark brown, distillation was discontinued. The greenish 
yellow distillate was redistilled to give almost pure 
Product. (75g 0.436 mol, .435. Ge yreld), bp) 200=212°C at 
atmospheric pressure (lit? (205-215°C)... “The 100 MHz dimer 
spectrum 6TMS (CDC13) showed. 1.33" (triplet, J =—7.0 Hz, 


SH), 4.54 (quartet, Jo 7.0 hz, 4H) Fand Gao?) (singlet, 2H). 
SB o-Dicar beLnoxy—2—norpormuene (118) 


Freshly prepared cyclopentadiene (60.0 9g, 0.910 mol) 
was added slowly to diethyl methylenemalonate (110.0 g, 


0.640 mol) which had been cooled in an ice-water bath. 
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The reaction mixture was warmed to room temperature and 
kept at this peneee are for an hour. It was then 
Reatedstoel00°"C over a period of 1 hr and Kept at this 
Lemperature for 3 hr. 9 Distillation of the mixture "gave 
ascoronless i iquids (1227040, 0.516 >mol, 60. 6%), foo 107= 


P0o75"C/2..5 ‘Torr s Exact mass “calcd. tor Cc. oi -0 


ie ibe as 


25072020; LOUNGd $= 238.2206. 


Anal. Calcd. for Ci 34) 904: 


Bowe Gee er OUNC mC f= OOM S45 Mi, = icc) iO ee Oso lee 
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CoraGo soe Mil 7 Olen 
The 100 MHz ~Hmr spectrum 6TMS (CDCl .) showed: 1.21 
(CErIplet, <0 = -7'.3:-HzZ, SH) e230 (CEriplet ys S"7.3-H2; 
Shy 2) “(MuUktipletyezhy, 2.04 "(multcvpler, 2h) pe2ec9 
(singlet, IH); 3.37 (singlet, “1H), 4.10 (quartet, J = 
comia pect ype aa) (UarCet yw 6 smi ect pe IO 
(multiplet, LH) and 6.24" (uultiplet 1H) #9 The i2r. 


spectrum v L733 sa (C=O). 
max 


5, 5-Bis-— (hydroxymethyl) —-—2-norbornene 


The procedure was an adaptation of that of Moffet 
(78). In a 2-1 three-necked round-bottomed flask fitted 


with a reflux condenser, a dropping funnel, a gas inlet 


tube and a mechanical stirrer, pulverized lithium aluminum 


hydride (10.638 g, 0.280 mol) in: absolute ether (600 ml) 
Was refluxed overnight 2n an) 011 bath under a gentle 
flow Of cry argon. “After the‘o1l bath mad’ been removed, 


5,5-dicarbethoxy-2-norbornene (54.7 g, 0.230 mol) in dry 
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ether (100 ml) was added with vigorous stirring at such 
a rate that the solvent refluxed gently. When the 
initial reaction had subsided, the reaction mixture was 
refluxed for 4 hr longer, and cooled. Distilled water 


(12) m1L)), L153) sodium hydroxide: solution, (22) ml) and 


distilled water (36 ml) were added successively to destroy 


the excess lithium aluminum hydride, and the mixture was 
stitred for .5 hr. Dry ether, (500) ml) was added, sand 

the solution was warmed almost to boiling, since the 
product is quite soluble in hot cther but not in cold. 
After filtration by vacuum, the residue was extracted 
with hot ether (2 x 0.5 1) and the combined ethereal 
solutions were evaporated to dryness on a rotatory 
evaporator under reduced pressure (0.1 Torr) overnight. 
Recrystallization from hot benzene (ca. 300 ml) and 


washing with cold skelly B gave the product (28.0 g, 


OVE 2M Lobe yeild). in necdles, . mp ells — ll OSC id 42) 


The 100 MHz 


Hmr spectrum 6éTMS (DMSO-d | ) showed: 
0246-16 0s (muLciIplet.,, 40) 2ao9) (Sdaghtemultroler ah), 
Zhi. Ss ont mlb plet,.aUh je. obo aL Ctyes2H yr 304 


(mie rpadet, 2H), 4.20 stud pleat. foo - Oeiaae lr aS 


(Emi pbet,. 0 = 5-0 Hz.) and: 6.2038 s(slightemuLei piel 2n)- 


5, 5-Bis- (hydroxymethyl-d.)-2-norbornene (119): 


The procedure was that described previously for the 


synthesis of 5,5-bis- (hydroxymethyl) -2-norbornene from 


220°. 
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5,5-dicarbethoxy-2-norbornene. From lithium aluminum 
devceridern (3 520% 0.321 mol; minimum isotopic purity: 
95 atom’ % D from’ Merck, Sharp & Dohme, Canada, Ltd.) 
and 5,5-dicarbethoxy-2-norbornene (63.0 g, 0.264 mol), 
was obtained a white solid product (34.3 g, 0.216 moles, 
Sis9eryield) pomp Li IS-V125°C. 

The 100 MHz Lome spectrum 6TMS (DMSO-d _) showed : 
0-46-1560. (multiplet, 248),62259. (slight multiplet, 1H), 
2,0Le(Silight multiplet, lH), e4216 (singlet, 2H), ©4440 


(singlet, 91H) and 6.08 (slight multiplet, 2h). 
2-Methylene-1,3-propanediol 


(a) From 5-methylene-2-phenyl-1,3-dioxan 
5-Methylene-2-phenyl1-1,3-dioxan (45.0 g, 0.256 mol) 
in methanol (1.5 1) was added to ammonium chloride (2407) 
in distilled water (580 ml) in a 3-l three-necked round- 
bottomed flask fitted with a reflux condenser and a 
mechanical stirrer. The mixture wasS vigorously stirred 
at 40°C for three days and then neutralized with 5% 
sodium bicarbonate solution. After evaporation of 
solvents USing a rotatory evaporator, acetone, (1701) 
was added to the residue. The solid was filtered and 
the solvents were evaporated using a rotatory evaporator. 
The residue was extracted with acetone (0.5 1) and 
the solvent was evaporated completely under reduced 


pressure (1 Torr) at room temperature. The residue 
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Was, tnen, extracted with ether (3.x 0.4 1) and the 
extracts were dried over anhydrous magnesium sulfate. 

The ether was evaporated to give yellowish crude product. 
The crude product was washed with freshly distilled 
chloroform (3 x 5 ml), and kept at room temperature under 
reduced pressure: (0.35) 7or) Overnight. Distillation of 
tiie remaining ssoluticonrgqave a coloritess liguid (19.2 cq, 
Or 2lSemol 2.85.23) 726d jee bp 96 -5—97...5°C/ 3.5. Torr “11. 
bee 9° C732 Porn wis i Ene. LooLMAZ lime spectrum 

6TMS (DMSO-d ¢) showed: 3.91 (doublet of triplets; J = 
beens =) 13 Nase Al wee. Ghutriplets i) = 5-5.nz , 2H) 


ano .9 7 .(pentet., Wt = 3 Hs ae 


(b) From 5,5-bis- (hydroxymethyl) -2-norbornene 

The procedure was an adaptation of that of Corey 
and. Suggs 1(42)"% A, 22° cm quartz column (2.54 Jcma22a.) 
was packed with Pyrex beads which were heated to 480- 
520°C by a heating tape wrapped around the column. The 
tape was covered by an outer Pyrex jacket. The tempera- 
ture was measured by an iron-constantan thermocouple 
and a potentiometer (Minneapolis-Honeywell Reg. Co.). 
To the column was added neat 5,5-bis-(hydroxymethy1) -2- 
morbornene: (25.0 a, 0.162 mol) invsmeall portions. -Argon 
Was Dassed through the-apparatus so that tne contact 
time of the vaporized reagent with the column was 7-10 
sec. The crude product was collected in two successive 


traps coolea Co -73°C Under Slightly reducea pressure 
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(500 Torr). Water was added to the crude product, and 
the aqueous solution was washed once with n-pentane. 
After concentration of the aqueous extract using a rota- 
Lory evaporator, distrilarion gave the colorless Liquid 


Chose Gg, 0. LES nol, 0 see. yield ji 
2-(Methylene-d.) -1,3-propanediol (ET): 


The procedure was that described previously for the 
synthesis of 2-methylene-1,3-propanediol from 5-methylene- 
2-phenyl-1,3-dioxan. 5-Methylene-2-phenyl-1,3-dioxan- 
7,7-d, (31.1 g, 0.175 mol) in methanol (1.0 1) and 
ammonium chloride (165 g) in distilled water (0.4 1) 
were stirred at 40°C for 3 days to give the product 
CEs 070g, 70.245 MOL, Oc. oe  VleLa): 


The 100 MHz 2 


Hmr spectrum éTMS (DMSO-d _) showed: 
gool aoublet, a ="5..5°HZ, 4h) Vand? 4766" (triplet? og = 


Seo Hz, 2H; ana indwcated 95 = Lteisotopic purity. 


2-Methylene-1,3~-propanediol-1,1,3,3-d, (120) 


The procedure was that described previously for the 
synthesis of 2-methylene-1,3-propanediol from 5,5-bis- 
(hydroxymethyl) -2-norbornene. 5,5-Bis-(hydroxymethyl- 
d,)-2-norbornene (32~79%0, 0.2038 mol) "was -thermolyazcd to 
give tie prodcuce (i470 gq," 0vls2 mol, io.8s yield). 

The 100 MHz Limr spectrum 6TMS (DMSO-d¢) showed: 


Ae Oae (Singlet, wen) and) 4.97 s(siig lee, 4h) and Licicated 
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2G02 bt. isotopie purity. 
3-Chloro-2-(chloromethyl1) propene (124) 


The procedure was a modification of that of Hooz and 
Gilani (43). Freshly prepared dry triphenylphosphine 
(dried at room temperature at 0.2 Torr overnight; 217.0 
g, 0.827 mol) was added to a mechanically stirred solu- 
tion of 2-methylene-1,3-propanediol (28.0 g, 0.318 mol) 
in dry “tetrahydrofuran (250 mls “distilled @twicestrom 
lithium aluminum hydride) and carbon tetrachloride (580 
ml; distilled from phosphorous pentoxide) ina 2-1 
three-necked round-bottomed flask fitted with a mechanical 
stirrer, a reflux condenser and a gas inlet tube. A 
gentle flow of dry argon through the apparatus was 
maintained throughout the reaction. The reaction mixture 
was then refluxed for approximately 2° hr, until va light 
reddish solution formed and a large quantity of white 
solid appeared. n-Pentane (1.5 1) was added, and the 
reaction mixture was stirred for LO min. “The “solid was 
filtered and washed with n-pentane (500 ml). The solvents 
were slowly removed from the combined n-pentane solutions 
by means Of distillation below 377°C under reduced “pressure 
(40 Torr). To the residue, n-pentane (200 ml) was added, 
and the mixture was stirred. The solid was filtered, 
arnidethe filtrate ‘distilled, below 37°C under seduced 


pressure (40 Torr) to remove the solvent. Distillation 
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of the residue yielded’the product (20.3 g, 0.162 mol, 
50.9% yield), bp 57.0-58.0°C/40 Tone e(lies Van loe2CA7.56 
LOIS) we Ore 

The 100 MHz Lame spectrum 6TMS (CDC1 3) showed: 4.19 
(Criplet, ys = 0.67Hz,°4h)iand 5732 (pentetpedc= 026 Hz, 


2H). 


3-Chloro~2- (chloromethyl) propene~1,1-d, (114) 


The procedure was that described previously for the 
synthesis of 3-chloro-2-(chloromethyl)propene from 2- 
methylene-1,3-propanediol. 2-(Methylene-d.)-1,3-pro- 
panecdiole(12i6eq, Osl40.mol) Gin dry stetrahyarofuran 
(2l0eml) > carbon tetrachloride (255 ml) andvfireshly 
purified triphenylphosphine (95.5 g, 0.365 mol) reacted 
LOugave thesaproduct (9.3 1g; 0.0732 males; 52.3% yield). 


The 100 MHz + 


Hmr spectrum 6TMS (CDC1 3) showed: 
4,9 (singlet) + and indicated? 95 2.12 sisotopic puraty: 
The mass spectrum indicated 94 + 1% isotopic purity 
Dy Ie ey = Cel y= Le ne Me Wee) me 
spectrum (CCl,) indicated >99.8% of total deuterium at 


the exo-methylene position. 
3-Chloro-2-(chloromethyl-d.,)-propene~3,3-d5 (121) 


The procedure was that described previously for the 
synthesis of 3-chloro-2=(chloromethyl)propene from 
2-methylene-1,3-propanediol. 2-Methylene-1,3-propanediol- 
(ig. 229, 0u1435moL) sein On yatetranydroruan 
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(113 ml), carbon tetrachloride (262 ml) and freshly 
purified eereneeo iene ene (98.0 g; 0.374 mol) reacted 
to gives the product (952 °g, 7123 mmol, 49.92 yield). 
The 100 MHz ae spectrum éTMS (CDC13) showed: 
Se 2n5(Singlet) -sand| andicateds 969 1¢-1sotopics purity. 
The mass spectrum indicated 96 + 1% isotopic purity 
(Boar: Dy Oe D5 = sGe se Dee—) 1.6, Dap=) 91.9) based 


on the molecular ion peak. 
bye2-Dicarbethoxy—4-methy lenepyrazolidine (125) 


The procedure was adapted from that used by Rubottom 
and Chabala (44). A solution of sym-dicarbethoxyhydrazine 
(522.9; 06.4 mmol; purified by recrystallization. from 
95% ethanol and drying under high vacuum) (81) in 
hexamethylphosphoramide (HMPA; 100 ml; dried over Molecular 
Sieves 4A) was placed in a 500 ml three-necked round- 
bottomed flask fitted with a reflux condenser, a mechanical 
stirrer and a gas inlet tube. A gentle flow of dry argon 
waS maintained in the apparatus during the reaction. 

The reaction mixture was cooled in an ice-salt bath. 
Sodium hydride (57% dispersion, 3.64 g, 86.4 mmol) which 
had been washed three times to remove protective oil, 
was added to the reaction mixture in small portions with 
the aid of n-pentane. The mixture was allowed to warm 
to room temperature, and stirred mechanically for 6 hp. 
After cooling in jan ice-salt bath, J3-chloro-2-(chloro— 


methyl) propene (10.5 g, 84.0 mmol) was added dropwise. 
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Again, the mixture was allowed to warm to room temperature 
and kept at this temperature for 3 days. After cooling 
in an ice-salt bath, sodium hydride (57% disperions; 

3.6 g, 85.5 mmol; washed with n-pentane) was slowly added 
in small portions with the aid of n-pentane. Once more, 
the reaction mixture was allowed to warm to room temp- 
erature and kept at this temperature for a day. After 
cooling in an ice-water bath, distilled water (150 m1) 
was slowly added, and the mixture was stirred vigorously 
for 30 min. Extraction of the product with absolute 
ether (5 x 200 ml), and evaporation of the solvent using 
a rotatory evaporator followed by distillation of the 
residue yielded the liquid product (13.3 g, 58.3 mmol, 
69.4% yield), bp 88-89°C/0.08 Torr. Exact mass calcd. 

H, -O,N 228.2474; found: 228.2112. 
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The 100 MHz ~Hmr spectrum éTMS (CDCl) showed: 


Ww 


1.20 (triplet, J = 7.3 Hz, 6H), 4.15 (quartet + broad 
peak, J = 7.3 Hz, 8H; ester CH, + ring methylene) and 
504 pentet, J = 2.23 Hz, 2H). The 1.2. Spectrum 
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1,2-Dicarbethoxy-4-methylenepyrazolidine-6,6-d, (115) 


The procedure was that described previously for the 
synthesis of 1,2-dicarbethoxy-4-methylenepyrazolidine 
from 3-chloro-2-(chloromethyl) propene. A solution of 
sym-dicarbethoxyhydrazine (12.1 g, 68.8 mmol) in hexa- 
methylphosphoramide (80 ml), sodium hydride (57% disper- 
sion, 5.80 g, 137.7 mmol) and 3-chloro-2-(chloromethy1) - 
propene-1,1-d, (8.5 g, 66.9 mmol) reacted to give the 
proauct, (10,9%q, 47.4 mmol, 70.9% yield): 


The 100 MHz + 


Hmr apsectrum 6é6TMS (CDC13) showed: 

Pe20e (triplet, 1. = /,3 Hz, GHivand 4.16 (quartet +" broad 
Deak, J = 7.3 Hz, SH> ester CH, + ring methylene); 

and indicated 94 + 1% isotopic purity. The mass spectrum 
inadicated. 94.8 2.0. 1s. isotopic purity (Dy = 0.7, ee 
Oe D5 = 90.2) based on the molecular ion peak. The 
13.6 MHz Se spectrum (CCly) indicated’ >+99.8% of total 


deuterium at the exo-methylene position. 


1,2-Dicarbethoxy—4-methylenepyrazolidine~3,3,5,5-d, (122) 


The procedure was that described previously for the 
synthesis of 1,2-dicarbethoxy-4-methylenepyrazolidine 
from 3-chloro-2-(chloromethyl)propene. A solution of 
sym-dicarbethoxyhydrazine (12.1 g, 68.8 mmol) in hexa- 
methylphosphoramide (80 ml), sodium hydride (57% dispersion, 
Se Onl oy. MMOL) and 3-chloro-2-(chloromethyl-d.) - 
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Peoducte(lisliog, 47.6 mol. 7 lols Vield). 


The 100 MHz 2 


Aeeovee ren §TMS (CDC1.) showed: 1.20 
(Obi pLety Ju -/.5) N27. On) a4 lo. CQuartety. © 7.5. Hz, 

4H, ester CH.) and 5.04 (singlet, 2H); and indicated 

95 + 1% isotopic purity. The mass spectrum indicated 

Ge es LSOLODIC purity (Dp = 0, Dy =O; D2 -= LOGE D. = 
SIS st Dy = 88.1) based on the molecular ion peak. 


4-Methylenepyrazolidine hydrochloride (127) 


The procedure was an adaptation of that of Crawford 
and Tokunaga (10a). Ethylene glycol (70 ml), distilled 
water (17 ml) and potassium hydroxide (16.7 g, 300 mmol) 
were added to a 250 ml three-necked round-bottomed 
flask fitted with a reflux condenser, a magnetic stirrer 
and a gas inlet tube. A gentle flow of dry argon was 
maintained in the apparatus throughout the reaction. 
1,2-Dicarbethoxy-4-methylenepyrazolidine (10.1 g, 44.2 
mmol) was added to the solution. The reaction mixture 
was heated at 110°C for 8 hr and distilled at approxi- 
mately 55°C/0.12 Torr. The distillate was trapped in a 
flask cooled ina Dry Ice-acetone bath. The flask was 
transterreda to an ice—salt bath and conc. hydrochloric 
acid (4.4 ml, 53.0 mmol) was added. The solvent was 
removed using a rotatory evaporator. The residual solu- 
tion was distilled and the fraction distilling below 


50¢C/0.12) Torn was collected.) Tt solidified in ene 
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distilling flask and was ground to a fine powder. After 
washing with dry ether, the solid was dried over phos- 
phorous pentoxide under on vacuum to give the product 
(ye) dy oo. OL, Oe eee ela, mor Gace 

Anat. scaled... LOT C,H NoCl: (pe Oe eee th 
Poesy ts eee. Bounae “Cy, oIeeUs Hee ie SOs Ny aay ¢ 
Ci eo Os 

The 60 MHz ame spectrum 6 external TMS (D.0) showed: 
PU Ebi pier, wo Vomit, SH, ooo toino Let. 65H) “an 


See, aS JZ, 2) 


y~nmw 


4-Methylenepyrazolidine-6,6-d, Hyorochloride y (126) 


The procedure was that described previously for the 
synthesis of 4-methylenepyrazolidine hydrochloride from 
1,2-dicarbethoxy-4-methylenepyrazolidine. Ethylene 
Giycel (7 mi), distulled water a27 ml) potassium 
hydroxide (16.4 g, 295 mmol), 1.2-dicarbethoxy-—4-methylene- 
pyrazolidine-6,6-d, POR ip ssn mI i, etiye! seater. 
Wydrocntoric acid "(4.2 ml, 51.2 mmol) reacted to give 
tics produce, (4.0 G, G3.2 mmol, GO.tn Yrela,. 

The 60 MHz Limmr Spectrum, 0 externa: TMS (D,0) 
showed: 4.04 (singlet, 4H) and 4.88 (singlet, 3H); and 


iiaveated G4 2 lS sotopice purizcy. 


4-Methylenepyrazolidine-3,3,5,5-d, hydrochloride (123): 


The procedure was that described previously for the 


synthesis of 4-methylenepyrizolidine hydrochloride from 
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1,2-dicarbethoxy-4-methylenepyrazolidine. Ethylene glycol 
(hol mI)e Gi Sti ved ares (17 ml), potassium hydroxide 
(16.9 g, 303 mmol), 1,2-dicarbethoxy-4-methylenepyrazol- 
idine-3,3,5,5,-d, (10.4 g, 44.8 mmol) and conc. hydro- 


chloric acid (4.5 ml, 54.2 mmol). reacted-to give: the 


PrGavuer o.0 7.402 cunmot,, 89.7 Sey re lide 


The 60 MHz lHmr spectrum, 6 external TMS (D.0) showed: 


4.88 (singlet, 3H) and 5.43 (singlet, 2H); and indicated 


Soe Lee VSOLODIC Durty. 


4-Methylene-l-pyrazoline (30) from 4-methylenepyrazolidine 


hydrochloride (127) 


The procedure was adapted from that used by Crawford 
and Tokunaga (10a). 4-Methylenepyrazolidine hydrochloride 
(4.4 g, 36.5 mmol) was slowly added to a well stirred 
Slurry of red mercuric oxide (50 g) and anhydrous sodium 
sulfate (50 g) in absolute ether (100 ml). The reaction 
mixture was mechanically stirred for 15 hr at room temp- 
erature. Filtration of the solid and removal of the 
ether at room temperature and reduced pressure were 
followed by rapid distillation of the residue at’ 25°C/1 
Torr with the receiver being cooled ina Dry Ice-acetone 
bath. The distillate redistilled to give a colorless 
iicquad: (ledeq, 172d mmol; 46st yreld); -bpe2s¢7 6s0rTors 
(ited 9-50° Ser Torr)... 


uf 


The 60 MHz ~Hmr spectrum 6 TMS (benzene-d¢) showed: 
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4-Methylene-1l-pyrazoline-6,6-d5 (107) 


The procedure was that described previously for the 
synthesis of 4-methylene-l-pyrazoline from 4-methylene- 
pyrazolidine hydrochloride. 4-Methylenepyrazolidine- 
6,6-d, hydrochloride (4.4 g, 36.7 mmol), red mercuric 
oxide (50 g) and anhydrous sodium sulfate (50 g) in 
absolute ether (100 ml) reacted to give the product (1.4 
Gy LO. mmol}, 45.53 wieldje 

The 100 MHz Lime spectrum 6 TMS (benzene-d,¢) showed : 
2-47 Hsinglet) > vand andicatedme95)4 27 1sotopic: purity. 
The mass spectrum indzucated 95.0 2 0.1% asotopic purity 
(Dy = 0-4, D, = 9.2, Dy = 90.4). The 13.6 MHz 7Hmr 
spectrum (CCl,) indicated >99.8% of total deuterium at 


the exomethylene position. 


4-Methylene-1l-pyrazoline-3,3,5,5-d, (46) 


The procedure was that described previously for the 
synthesis of 4-methylene-l-pyrazoline from 4-methylene- 
pyrazolidine hydrochloride.» 4-Methylenepyrazolidine— 


3337,575-a, hydrochlorides (4:7 G7) 5/7.) mmol)), -,ed? mercuric 


4 
oxide) (52 9) and anhydrous sodium sulfate (52 9) an 
absolute ether (100 ml) were reacted to give the product 


Git ye L643 mmol) 43.1 ta yaeld).. 
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The 100 MHz 2 


Hmr spectrum 6 TMS (benzene-d_) showed: 
4.70 (singlet); and indicated 95 2) Lee soteniecrmirary . 

The mass spectrum indicated 95.4 + 0.1% isotopic purity 
(Dy = 0.6, D, = 0.0, D, = 7.0, D, = 2.0, Dies 90 .24))- 

The 13.6 MHz “Hmr spectrum (CCl,) indicated >99.8% of 
total deuterium at the 3- and 5-methylene (ring methylene) 


positions. 
A-Ethylidene-l-pyrazoline (69). 


The procedure was essentially that of Crawford and 
Tokunaga (48). 1,2-Butadiene was prepared according to 
the method of Hurd and Meinert (82,83 ). Thus, 1-bromo- 
2-butene, prepared from 2-buten-l-ol with hydrobromic 
acid, was converted into 1,2,3-tribromobutane by the 
addition of bromine in carbon tetrachloride. The tri- 
bromide was dehydrobrominated with sodium hydroxide to 
give a mixture of 1,2-dibromo-2-butene and 2,3-dibromo-l- 
butene. This mixture was then debrominated with zinc 
dust to give 1,2-butadiene. A solution of diazomethane 
long, 0.14) mol) in sabsoluterethers 4 60rming prepared -rrom 
N-methyl-N-nitroso-p-toluenesulfonamide according to the 
method of de Boer and Backer (70), was placed in a 200 ml 
pressure bottle at Dry Ice-acetone temperature, and 
1, 2-—butadiene (11 g, 0.20 mol) was added. The bottle 
was sealed, allowed to warm to room temperature and left 


until the yellow color disappeared (ca. 12 days). The 
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ether and the excess 1,2-butadiene were distilled off 
under atmospheric pressure, and the residue distilled 
LO give, the product, (5.0 9,552 mmol, 37% yield)y5 bs 
eo C/ 2c 0) TOLL elit ween 5oe/ 1 0 TOrt).. 

The 400 MHz Tim spectrum 6 TMS (benzene-d_) showed: 
1-16 (doublet of slight multiplets, 3 = 6-70 Hz; 3H), 
4.40 (doublet of quartets, J = 1.65 and 2.20 Hz, 2H), 


4.48 (pentet, J = 2.25 Hz, 2H) and 4.96 (multiplet, 1H). 
£-4~ethylidene-1l-pyrazoline-3,3,-d, (76) 


The procedure was that described previously for the 
synthesis of 4-ethylidene-l-pyrazoline except that 
diazomethane-d, was used. A solution of diazomethane-d. 
(6.4 g, 0.15 mol) in absolute ether (60 ml), prepared 
according to the method of Gassman and Greenlee (71), 
reacted with 1,;2=-butadiene (ll g, 0220) mol) to give the 
produce (427 "¢,. 48 mmol, 322 yaeld). 

The 400 MHz limr spectrum 6 TMS (benzene-d_) showed : 
Pelo waco let Of islionty multiplets, ad —1G.70 Hz. 3h), 
AWAD s(AOUDLECES Or QUaArECOES wo LeGleHZ.ande2. 208hZ, 
besa) 4.48) (pentet, 3 = 2.25 -H2, 0.2eH)y and) 4.95 
(multiplet, 1H). The mass spectrum indicated 96 + 1% 
isotopic purity (Do = Bethy Digs Soo dD. =P Go ewe 
expanded 400 MHz Tamer spectrum indicated that the % 
Tatao.0L H-1vs. Z-4-ethylidene-l-pyrazoline-3,3-d, was 


02> 4°]. 8st. 1, and the 54.4 Mhz 2 amr spectrum (benzene-d -) 


showed the 3 ratio between the #£ and Z was 90 +1: 10:41. 
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Z- 4-Ethylidene-l-pyrazoline-3,3-d, (77) 


The procedure was that described previously for the 
preparation of 4-ethylidene-l-pyrazoline except that 
1,2-butadiene-1,1-d, was used. The 1,2-butadiene-1,1-d, 
was prepared according to the method of Hurd and Meinert 
(83) except that 2-buten-1l-ol-1,1-d, was produced by 
lithium aluminum deuteride reduction of crotonyl chloride 
(48,84). A solution of diazomethane (6 g, 0.14 mol) in 
absolute ether (60 ml) reacted with 1,2-butadiene-1,1-d, 
(94G, .021/asmol)i tosqivesthe product a(4.5 aq, 46 mmol , 

333 Yield) - 


The 400 Muz 1 


Hmr spectrum 6 TMS (benzene-d¢) showed: 
Peres (aoublet of slightemultiplets, 00 = G./0 Hz, 3h), 
4.37 (doublet of quartets, Je woo. and: 2a 0sHz ge. a), 


42435: (pentet, “J = 2225 Hz, Lis6H) and 74.9) (multiplet, 


1H). The mass spectrum indicated 97 + 1% isotopic 
purity (Do a0), Dy = 428; Do = 94.5). The % ratio 
between £- and Z-4-ethylidene-1-pyrazolines-3,3-d, were 


2 


7 +1 : 93 + 1 by the expanded 400 MHz ~“Hmr spectrum and 


9 +1: 91+ 1 by the expanded 54.4 MHz 2umr spectrum 


(benzene-d_). 


4-Ethylidene-1l-pyrazoline-3,3,5,5-d, (128) 


ww 


The procedure was that described previously for the 
synthesis of 4-ethylidene-l-pyrazoline except that 1,2- 


butadiene-1,1-d, and diazomethane-d, were used. A 
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3 (1.6 g, 38 mmol) in absolute 


ether (20 ml) reacted with 1,2-butadiene-1,1-d, Ans eat & ie 


solution of diazomethane-d 


45 (mmol) “to give the product (1.4 ¢g, l4-mmol, 37% yield). 


The 400 MHz 2 


Hmr spectrum 6 TMS (benzene-d,¢) showec: 
£-20 (doublet, J = 6.70 °Hz, 3H) and 4.96 (quartet, 


J = 6.70 Hz, 1H). The mass spectrum indicated 96 


I+ 
bY 
oe 


=. 0, 


II 
~ 
© 
ron 


PSOLODICG puracty (Dp = O.5; Dy = 0.4, Do 3 
D, = 89.6), and the expanded 400 MHz proton Lim spectrum 


andicated 96-2 12 1so0tepie purity. 
g=Methyl=4=methylene=i1=pyrazoline (68): 


The procedure was essentially that of Schrijver (34). 
A solution of diazoethane (0.06 mol) in ether and 
n-propanol (60 ml), prepared from ethyl N-nitroso-N-ethyl 
carbamate (12.5 g, 86 mmol) (85) according to the pro- 
cedure of Wilds and Meader (86), was added to allene 
(30 ml) condensed in a 200 ml pressure bottle at Dry 
Ice-acetone temperature. The bottle was sealed, and 
allowed to warm to room temperature overnight until the 
orange color of diazoethane disappeared. After distil- 
lation of the ether, the n-propanol and the excess allene, 
the residue distilled to give the product (2.2 9g, 23 
Mig, 30s) yield);. bp 25° C/s lore Ait. Bi suoe, om, i. 

The 100 MHz 1 emr spectrum 6 TMS (benzene-d_) showed: 
126) (doublet, of) = 7.0 Hz, SH) mand 452-900 (multiplier, 


5H) - 
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3,3-Dimethyl-4-methylene-l-pyrazoline (56) 


The procedure was a slight modification of that of 
Crawford and Tokunaga (10a). A solution of 2-diazopropane 
(12 g, 0.17 mol) in ether (90 ml), prepared from acetone 
hydrazone (87) by mercuric oxide oxidation according to 
the method of Andrews, Day, Raymond and Whiting (88), 
was added at Dry Ice-acetone temperature to allene (30 
ml) contained in a 200 ml pressure bottle. The mixture 
Was: allowed sto warmsto70-C. VW Arterrs "hrethe solution 
became colorless. Removal of the excess allene and the 
ether followed by distillation of the residual solution 
gavel a mMuxture (7209), >bps25°C/7G Torr; which provedtto 
be 58% product, 13% acetone hydrazone and 29% acetone 


azine by the nmr spectrum (benzene-d Tha sama <eure 


6) 
was dissolved in ether (50 ml), and the resulting solu- 
tion was extracted with water (3 x 5 ml) to remove the 
acetone hydrazone. Distillation of ether followed by 
careful distillation of the residue gave a mixture (2.5 
Gao? Se pPLoduct), <andels¢eacetonev azine; calculated yield, 
Pigeg,. 20ammol, 122 yaeldjy bp) 25°C/tatorr: 


The 100 MHz Lim spectrum 6 TMS (benzene-d_¢) showed: 


Ie l/etsing let, 6H), 1.82) (doublet; acetone azine) and 


Zoe 


42650 (slight miltiples, 940, ning methylener+ exo-methylene), 
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4—Tsopropylidene=l-pyrazoline (57). 


LHe procedure was sa slignt modification of that of 
Crawford and Tokunaga (10a). Diethyl isopropylidene 
malonate, prepared from acetone and diethyl malonate, 
was reduced to 2-isopropylidene-1,3-propanediol by 
lithium aluminum hydride, and the diol was converted 
into 2-isopropylidene-1,3-dibromopropane by bromination 
with phosphorous tribromide (89). The cyclization of the 
dibromide with sym-dicarbethoxyhydrazine in the presence 
of sodium hydride was followed by hydrolysis with 
potassium hydroxide and subsequent treatment with hydro- 
chloric acid to give 4-isopropylidenepyrazolidine hydro- 
chloride (10a). The hydrochloride (5.4 g, 36 mmol) was 
added slowly to a well-stirred slurry of red mercuric 
oxide (50 g) and anhydrous sodium sulfate (50 g) in 
absolute ether (100 ml). The reaction mixture was stir- 
red mechanically for 5 hr at room temperature. Filtra- 
tion of the solid, and distillation of ether at room 
temperature under reduced pressure were followed by fast 
Gust rblationvot tne. resiaue at. 252C/0.05. TOrr., The 
distillate was trapped at Dry Ice-acetone temperature. 
Te. redisti1lled to give the. product (2. 00g, 1S mnol, 50s 
Viel eee p esol C/ Uc erorm, (lat 3726/0.) Store) 

The 100 MHz tHmr spectrum 6 TMS (benzene-d¢) showed: 
becom pentet J =) 2..0enz,. 6H) and 454) (hepcel di =e2.0 


Hz, OH). 
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E-3-Methyl-4-ethylidene-l-pyrazoline (39) 


The procedure used was essentially that of Crawford 
and Tokunaga (48). 1,2-Butadiene was prepared according 
to the method of Hurd and Meinert (83) which has been 
described earlier in the synthesis of 4-ethylidene-l- 
pyrazoline. A solution of diazoethane (0.06 mol) in 
ether and n-propanol (60 ml), prepared from ethyl 
N-nitroso-N-ethylcarbamate (12.5 g, 86 mmol) according 
to the procedure of Wilds and Meader (86), was added to 
1,2-butadiene (5 g, 93 mmol) in a 200 ml pressure bottle 
cooled in a Dry Ice-acetone bath. The mixture was 
allowed to warm to room temperature and left undisturbed 
for two days until the orange color of diazoethane 
disappeared. Removal of the ether, the n-propanol and 
the excess 1,2-butadiene followed by distillation of the 
residual solution gave the product’ (2.7 Gg, 25 mmol, 422 
VIelajia oo: 2orC/iy. > Torr Glatt 30=39°C73, Torn): 


1 


The 100 MHz ~Hmr spectrum 6 TMS (benzene-d_) showed: 


to24, {doublet and multiplet, J = 7. 00n2,. oh; 3-methy.. and 


6—miechy!), 4.57 > (maltiplet,; 3H) sand) 5-201) (multiplet, 1H): 
Z-3-Methy1l-4-ethylidene-l-pyrazoline (90) 


The procedure was essentially that of Crawford and 


Tokunaga (48). 1,1—Dibromo-2, 3-dimethylcyclopropane (90) 


prepared from 2-butene, bromoform and potassium t-butoxide 


were allowed to react with methyllithium according to the 
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procedure of Doering and LaFlamme (91). Distillation 

of the reaction mixture using a spinning band column 
gave 2,3-pentadiene. A solution of diazomethane (3 g, 
71 mmol) in absolute ether (30 ml), and 2,3-pentadiene 
(5.5 g, 81 mmol) were placed in a 200 ml pressure bottle 
at Dry Ice-acetone temperature, and allowed to warm to 
room temperature. The mixture was left undisturbed for 
12 days. Removal of the ether and the excess 2,3-penta- 
diene followed by distillation of the residual solution 
Gave the product. (2.5 ¢,)23 mmol, 32¢0yield), bp .25-C7 
aoe Lorre (bit 50-53. 2C/ Se LOrr).. 
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The 100 MHz ~“Hmr spectrum 6 TMS (benzene-d_-) showed: 


Pei (doublet, J = 720 nz, SH; 3—-methy.), 1233) (multiplet, 


SH: 6-methyl), 4.602 (multiplet, 3H) and 5.07) (multiplec, 
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APPENDIX 


Kinetic data for the thermolysis of the 4-alkylidene-1l- 


pyrazolines 


1. 


Rate constants and activation parameters for the 
thermolysis of the 4-alkylidene-l-pyrazolines were 
obtained from the data presented on pages 253 and 
Z1oe 

Secondary deuterium kinetic isotope effects for the 
deuterated 4-methylene-l-pyrazolines and the 
deuterated 4-ethylidene-l-pyrazolines were obtained 
from the data on pages 274 and 281. 

Each individual rate constant (k;) was obtained by 
a least squares analysis, and the average (k) of 
the individual rate constants was taken. 

o and p represent the standard deviation and the 


correlation coefficient respectively. 
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Thermolysis of 4-Methylene-l-pyrazoline (30) at 165.0°C 


ae ey 


1a Ey (Volt) 

Time 
(sec) Run #1 Run #2 Run #3 
300 0.353 0.374 0.407 
360 0.334 0.353 0.384 
420 Ma eas (a Moclae 
480 0.299 0.314 0.342 
540 0.283 0.296 0.322 
600 OG: 0.280 0.304 
660 0.253 0.264 0.287 
720 0.239 0.249 0.271 
780 0.226 0.235 0.257 
840 0.214 0.223 0.244 
900 0.202 0.211 ern 
960 0.191 miGe2 00 0.219 
1020 0.180 0.189 0.207 
1080 O70 0.179 0.196 
1140 0-161 0.170 0.185 
Ew 1.074 haley, 1.219 
Oe (Re ore) 0.936 0.942 0.934 
(sec 1) +0.0055 +0.0060 +0.0047 

0 0.99978 0.99976 0.99983 
10° (k+o,) 
; 0.937 + 0.0042 
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Thermolysis of 4-Methylene-l-pyrazoline (30) at 170.0°C 


254. 


Time E, (volt) 

(sec) Run #1 Run #2 Run #3 Run #4 | Run #5 
210 0.267 Qe37 0.399 0.230 0.246 
240 0.256 O22 27 0.383 0.220 bi ace 
270 O46 Oe218 0.367 Geet 22.6 
300 One 0.209 0.252 O02 O92 17 
330 Or226 0.200 0.337 0.194 CPA: 
360 O27 0.192 0.222 Golee 0.199 
390 0.208 0.184 0.308 Oe178 0.191 
A206 O1.99 Onn 76 0.296 Onna Omies 
450 02191 0.169 2283 0.164 0.175 
480 01183 02162 Og 0.157 0.168 
510 0.175 0.155 0.259 0.150 0.161 
540 0.168 0.148 0.248 0.144 0.154 
570 OoroL Gur42 0.237 0.138 0.147 
600 0.154 4136 Ge227 qu alee: Gai4i 
630 0.147 0.130 OL a7 G126 0.135 
660 0.141 2124 0.208 Onn 62129 
690 0-135 Ohad 0.199 onan On 23 
720 G5129 Qed Garo I ‘apobibl Otis 
750 O23 0.109 0.183 02106 02113 
780 0.118 0.104 0.175 Oe201 0.108 
810 tees 0.099 0.168 0.097 eh hale 
840 0.108 0.095 0.161 0.093 0.099 
870 0.103 0.091 0.154 0.089 0.095 
900 0.098 0.087 0.147 0.085 0.091 
930 0.094 0.083 0.141 0.081 0.087 
Eco Ou797 0.715 Tor 0.687 hee 

10° (k,+0K,) 1.450 1.458 1.450 1443 1.451 
eee.) +0.0093  +0.0107 +0.0086 +0.0070 +0.0095 
0 0.99976 0.99971 0.99978 0.99984 0.99975 
3 
10° (ko) 1.450 + 0.0053 
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Thermolysis of 4-Methylene-l-pyrazoline (30) at 175.0°C 


2505 


Ey (voLu) 
Time 
(sec) Run #1 Run #o Run #3 
140 0.352 0.286 0.245 
180 0.322 0.262 0.224 
220 0.295 0.239 0.206 
260 0.270 0.219 0.188 
300 0.246 0.200 0.172 
340 0.225 ‘ae iucke pei s7 
380 0.205 Wotan 0.144 
420 0.187 0.153 0.132 
460 decuat 0.140 0.121 
500 Oe 57 0.128 0.411 
540 0.144 0.117 0.102 
580 0.132 0.107 0.093 
620 0.121 0.098 0.085 
660 ‘Weal 0.090 0.078 
700 - 9.102 0.082 0.071 
Ew 1.007 0.847 0.712 
3 | 
10° (k, +0%,) 2.222 2.230 2.203 
(sean) +0.0116 EO017T +0.0135 
, 0.99982 0.99968 0.99977 
107 (k+o,) 
; 2216 * 0.0139 
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Thermolysis of 3-Methyl-4-methylene-l-pyrazoline (68) at 164.0°C 


Eels Ey (volt) 
Time 
(sec) Run #1 Run #2 Run #3 
300 O22 7) Oro C230 
360 Opa 0.304 0.333 
420 0.245 0.289 Om als7, 
480 Om233 Ov275 Ors01 
540 O22 OF 262 0.286 
600 Oe210 0.249 Os27 i 
660 02199 On2 57. On 254i 
20 O23 9 0.225 0.243 
780 O517 9 e214 0.230 
840 OsE70 Oey ZALOS: O22 7 
900 0.161 OnL92 2205 
960 O52 One 0.194 
1020 0.144 On 172 O83 
1080 Oe 236 OsLG2 OL7s 
1140 OSLZS Oe 5 3 0.163 
1200 OelZT 0.144 OnriS4 
Es 0.836 0.990 1 Ory 
3 
10 (k; to,;) 0.894 0.880 O29 187 
(sac ) +0 20062 +0.0098 +0.0069 
“D 0.99973 0... 99:95 1 0.99970 
3 
10 (kto,) 
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Thermolysis of 3-Methyl-4-methylene-l-pyrazoline (68) at 170.0°C 


E,, -E, (volt) 
Time 
(sec) Run #1 Run #2 Run #3 
210 (415 0.270 0.400 
240 0.396 0.258 0.382 
270 0.378 0.247 G6365 
300 Gece 0.236 0.349 
330 0.345 0.226 0.334 
360 0.330 0.216 0.320 
390 0.315 0.207 0.306 
420 0.301 0.198 0.293 
450 0.288 0.189 0.280 
480 0.275 0.181 0.268 
510 0.263 ja 0.256 
540 0.251 odes 0.245 
570 0.240 Oise 0.234 
600 0.229 6.157 0.224 
630 0.219 0.144 0.214 
660 - 0.209 - 0.138 0.205 
690 0.200 0.132 0.196 
720 0.191 0.126 0.187 
750 0.182 0.120 0.179 
780 0.174 6.115 0.171 
810 Ones 0.110 0.163 
840 Peilee 0.105 0.156 
870 0.151 0.100 0.149 
900 0.144 0.096 0.142 
930 Galo 0.092 O.136 
Ew 1.290 0.869 1.240 
10° (k; +0K,) 1.530 Heal 1.495 
eres +0.0095 +0.0119 +0.0096 
, 0.99977 0.99968 0.99976 
10° (k+o,) 
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Thermolysis of 3-Methyl-4-methylene-l-pyrazoline (68) at 175.0°C¢ 


Les Ey (yO) 

Time 

(sec) Run #1 Run #2 Run #3 
210 0.307 au 0.258 
240 0.287 0.296 0.241 
270 0.268 0.276 0.225 
300 0.250 0.258 0.210 
330 0.233 Oa 0% 196 
360 0.218 0.225 0.133 
390 0.204 0.210 O97 
420 0.191 0.196 0.160 
450 0.179 0.183 0.150 
480 0.167 ibn 0.140 
510 0.156 65160 Doakcu. 
540 0.145 0.150 0.122 
570 0.135 0.140 0.114 
600 0.126 ileal 0.106 
630 Oo niey 0.122 0.099 
660 0.109 0.114 0.092 
Ex 1.100 eee 0.907 

3 

103 (k,+0,,) 2.289 2.269 2.278 

(sect) A OOLET +0.0109 #0. 0155 

0 0.99971 0.99984 0.99976 
107 (k+,) 
: 2.279 + 0.0100 
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Thermolysis of 3,3-Dimethyl-4-methylene-l-pyrazoline (56) 
at tO. OCC . ms 


i es Ey (volt) 
Time 
(sec) Run #1 Run #2 Run #3 
360 0.129 0.118 0.103 
420 pine 0.111 0.097 
480 0.114 0.104 0.091 
540 0.107 0.098 0.085 
600 0.101 0.092 0.080 
660 0.095 0.087 0.075 
720 0.089 0.082 0.070 
780 0.084 0.077 0.066 
840 0.079 0.072 0.062 
900 0.074 0.068 0.058 
960 0.070 0.064 0.055 
1020 0.066 0.060 0.052 
1080 062 SS OhWay 0.049 
1140 0.058 0.054 0.046 
1200 0.055 0.051 0.044 
Evo 0.475 0.449 0.390 
3 
10° (k,#0%,) i (Oak 1.005 1027 
(sec +) +0.0084 +0.0051 +0.0101 
0 0.99960 0.99983 0.99958 
3 
10° (k+o,) 


-1 TAO LO 0.0 10 
(sec -) 


‘ 

¢ + if 
res iy 
_ v 

‘ 

' -_ 

’ , 
A ee # 
“44 A 
r 
NA _ 
“> ae a 
Ww 


‘ 
) ee : 7 
Hye .) LGwf? Avs.0 | 
, a me 4 > penal Li se tp eens ripen ay a ee =i lat eps pan ale 


° ‘ ) t Bij } - ‘ 3 {a s iO 5 


' 270 ¢ wieis 4 7 : 
(g f8 As (200.24 | peta .04 bone 
mow ohg -——* <1 s Se oe —— Kt. SS) we ~~, - 


pees 0 RS ee 


—  — as enna 
i 


ttro.n' 6 wiht! oo 
oe 


Sp SS ee 


ee = ean ge mare St ’ 


260. 


Thermolysis of 3,3-Dimethyl-4-methylene-l-pyrazoline (56) 
Fah ele ila) Les tee U peg ss 


‘ee i Ey (vou) 
Time 
(sec) Run #1 Run #2 Run #3 
240 6.115 0.098 0.120 
270 0.110 0.093 0.114 
300 0.105 0.089 0.109 
330 0.100 0.085 0.104 
360 0.095 0.081 0.099 
390 0.090 0.077 0.094 
420 0.086 0.073 0.090 
450 0.082 0.070 0.086 
480 0.078 0.067 0.082 
510 0.074 0.064 0.078 
540 0.071 0.061 0.074 
570 0.068 0.058 0.071 
600 0.065 0.055 0.068 
630 0.062 0.052 0.065 
660 0.059 0.050 0.062 
690 0.056 0.048 0.059 
720 0.054 0.046 0.057 
Eo 0.400 0.370 0.440 
DO oe) 1.590 1.589 1.564 
aL ak 
ee +0.0120 +0.0091 +0.0138 
0 0.99970 0.99979 0.99963 
10° (kto,) 
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Thermolysis of 3,3-Dimethyl-4-methylene-l-pyrazoline (56) 
atl t3a0.0°¢ . a 


iee= Ey (volt) 
Time 
(sec) Run #1 Run #2 Run #3 
150 0.117 0.107 0.112 
180 0.108 0.099 0.105 
210 0.100 0.092 0.098 
240 0.093 0.085 0.091 
270 0.087 0.079 0.085 
300 0.081 0.073 0.079 
330 0.075 0.068 0.073 
360 0.070 0.063 0.068 
390 0.065 0.059 0.063 
420 0.060 0.055 0.058 
450 0.056 0.051 0.054 
480 0.052 0.047 0.050 
510 0.048 0.044 0.046 
540 0.045 0.041 0.043 
570 0.042 0.038 0.040 
ao 0.402 Once 0.402 
3 
10° (k,#0x;) 2.438 2.454 2.485 
(seca) O0 0173 +0.0231 +0.0137 
0 0.99972 0.99960 0.99980 
10° (kto,) 
BA 9.459 = 00239 
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Thermolysis of 4-Ethylidene-l-pyrazoline (69) at 160°C 


E, - E, (volt) 
Time 
(sec) Run #1 Run #2 Run #3 
300 0.149 0439 0.121 
330 0.143 O6143 0 1G 
360 0.137 0.128 0.211 
390 0.131 0.123 0.106 
420 0.126 0.118 0.102 
450 0.121 0.413 0.098 
480 G-116 0.108 0.094 
510 alls 0.104 0.090 
540 0.106 0.100 0.086 
570 0.102 0.096 0.082 
600 0.098 0.092 0.079 
630 0.094 0.088 0.076 
660 0.090 0.084 0.073 
690 0.086 0.091 0.070 
720 - 0.082 i ane 0.067 
750 0.079 01075 0.064 
780 0.076 0.072 0.061 
810 0.073 0.069 0.059 
840 0.070 0.066 0.057 
870 0.067 0.063 0.055 
900 0-05t0ne 0.061 0.053 
oe 0.522 0.484 0.423 
10° (k; t0K,) 1.405 1377 1301 
(ccc) +0.0120 +0.0077 +0.0094 
f 0.99965 0.99980 0.99974 
10° (k+o,) 
: 1.391 + 0.0140 


wou ° Q 


7 ae | 
joo # 4 
cb et a 


bee 0 
aah 
ar i" 4 0 


EfO 40 
Ov..¢ 
Late 


be oP 
f yt Hy] 


at ‘ a 


7 oC AD, 


a | VW 
ts ie ° 0 


LES E 


POOF 2G 


Aer? 20 


gee 


¢ 


nee 


— 


a —— i i Ca ee ae 


4.4 
a) 


' POR? 


ed. 2) 
£ot.8 


Boas 
Tea 6 
avy 2 
ey 0 
oh 
260. 


mb Ty, & 
rg 0 


te | 


| ; a hs 


160.9 


gokit 
O50 Pe 


y 
——— 
ee oa bone pal Ae 


2g¢026 


Ghlowk & 2888 | 


ZHAO 


i ~ 
ee Pate nsec pect hee amet mee 


= 


oh a . oes  @. 
—— ee TT ‘ 2 Paulie i ae > = ae as FS 


263. 


Thermolysis of 4-Ethylidene-l-pyrazoline (69) at 164.0°C 


Die ee ee Ot) 


Time % e 
(sec) Run #1 Run #2 Run #3 Run #4 ~~ Run #5 
300 0.155 0.142 0.159 Dee 0.166 
330 0.147 0.134 0.150 0.119 0.157 
360 0.139 0.127 paid Ovi 0.148 
390 Oons2 0.120 pmies 0.106 0.140 
420 0.125 0.113 0.125 0.100 alee 
450 0.118 GeL07 0.118 0.094 0.124 
480 Dein 0.101 Je Mia 0.089 parle 
510 0.106 0.095 0.105 0.084 0.110 
540 0.100 0.090 0.099 0.079 0.104 
570 0.094 0.085 0.093 0.075 0.098 
600 0.089 0.079 0.088 0.071 0.092 
630 0.084 0.075 0.083 0.067 0.087 
660 0.079 0.071 0.078 0.063 0.082 
690 0.075 0.067 0.074 0.059 0.077 
720 0.071 0.063 0.070 0.056 0.073 
750 0.067 0.059 0.066 0.053 0.069 
780 0.062 0.056 0.062 0.050 0.065 
810 0.058 0.052 0.059 0.047 0.061 
840 0.055 0.050 0.056 0.044 0.058 
870 0.052 0.047 0.052 0.041 0.055 
900 0.049 0.044 0.050 0.039 0.052 
Eco Oneos 0.555 0.628 0.495 0.648 
10° (k,+o0,%,) 1.928 1.950 Le Sul 1.948 1.952 
(sect) 40.0168 +0.0176 +0.0120 +0.0158  +0.0097 
9 0.99964 0.99962 0.99977 0.99967 0.99983 
3 
10° (k+0,) 
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264. 


Thermolysis of 4-Ethylidene-l-pyrazoline (69) at 170.0°C 


| OS at E, (odie) 
Time 
(sec) Run #1 Run #2 Run #3 
210 Oe aay 0.125 0.131 
240 0.106 Melle 0.118 
270 0.096 0.102 0.106 
300 0.087 0.092 0.096 
330 0.079 0.084 0.087 
360 0.072 0.077 0.079 
390 0.066 0.070 0.072 
420 0.060 0.064 0.066 
450 0.055 0.058 0.060 
480 0.050 0.053 0.055 
510 0.046 0.048 0.050 
Eo 0.481 0.510 62550 
103 (k.+0,.) aeeletel opal 3.186 
1 al 
(sec) +0.0227 +0.0180 eOMOsTe 
0 0.99971 0.99979 0.99958 
3 
10° (k+o,) 
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-3-Methyl1-4-ethylidene-l-pyrazoline (89) 


265. 


at 160.0°C 
E, -~ E (volt) 
Time 
(sec) Run #1 Run #2 Run #3 
300 By i Be 0.433 0.159 
330 O24 0 DoT 0.152 
360 0.205 0.424 0.445 
390 0.100 0.116 0.138 
420 0.095 i feet a 0.132 
450 0.091 0.106 0.126 
480 0.087 0.701 0.2120 
510 0.083 0.097 ‘(egy a Ih 
540 0.079 0.093 ‘Pee ne 
570 0.075 0.089 0.105 
600 0.072 0.085 0.100 
630 0.069 0.081 0.096 
660 0.066 UO Ur ar 0.092 
690 0.063 % 0.074 0.088 
720 0.060 0.071 0.084 
750 0057 0.068 0.080 
780 0.055 0.065 0.076 
810 0.053 0.062 0.073 
840 0.051 0.059 0.070 
870 0.049 0.057 0.067 
900 0.047 0.055 0.064 
Eco 0.430 0.492 0.605 
10 (kK; 20, ) 1 ast OF 1.485 1.516 
fee +0.0163 +0.0118 +0.0102 
re) 0.99953 0.99968 0.99974 
10° (kto,) 
l 1.503 + 0.0160 
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266. 


Thermolysis of £-3-Methyl-4-ethylidene-l-pyrazoline (89) 
et. os. 0ce ee 


as Ey (west) 
Time 
(sec) Run #1 Run #2 Run #3 
270 0.138 0.118 0.125 
300 0.130 On iit 0.118 
330 0.122 0.104 ie bal 
360 Oeil 0.098 0.104 
390 0.108 0.092 0.098 
420 0.102 0.086 0.092 
450 0.096 0.081 0.086 
480 0.090 0.076 0.081 
510 0.085 0.071 0.076 
540 0.080 0.067 0.071 
570 0.075 0.063 0.067 
600 0.070 0.059 65063 
630 O.066 0.056 0.059 
660 0.062 0.053 0.055 
690 0.058 0.050 0.052 
720 0.054 0.047 0.049 
750 0.051 0.044 0.046 
780 0.048 0.042 0.043 
Ew Genes 0.478 O2si1'6 
10° (k.+0,.) eS 22040 2.100 
al: a 
(sec +) +0.0168 #0.0131 #0.0215 
0 0.99967 0.99976 0.99956 
107 (k+o,) 
; 2.073 + 0.0291 
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Thermolysis of £-3-Me 


ate 0. O02 


Cc 


Run #1 


0.149 
ORS 
OeL22 


On 0 
02.099 
Or 089 
0.080 
C5072 
0.066 
0.062 
02055 
6. 050 


0.045 
Ora 


Ses 29 


£02 03°00 


O-99962 


thy1-4-ethylidene-l-pyrazoline (89) 


ERs: E, (View) 
Run #2 Run #3 
GO. Ag 0. 256 
On 2s Ors Iau 
O. 12 Ors ez 
Oe inO Oe ies 
5091 OL 108 
0.082 0.093 
0.074 0.084 
0.067 0.076 
0206) 0.069 
0.056 0.062 
0: 05% 0.056 
0.047 0205) 
0.043 0.046 

0.490 0. 578 
Sie 22396 

20.0233 +07, G22) 
0.99972 0.99975 
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268. 


Thermolysis of Z-3-Methyl-4-ethylidene-l-pyrazoline (90) 
ae oO. 070 a 


ee Ey (volt) 
Time 
(sec) Run #1 Run #2 Run #3 

300 0.156 OAEYES) 0.164 
330 05150 0.168 OF S57 
360 Of 144 C67) O02 152 
390 Mies dh Site: Or 54 02.145 
420 O02 132 0.148 O21 33 
450 04.227 0.142 0133 
480 OR 122 0.136 On 
510 Only 025030 02173 
540 07122 03.125 Oe 
570 0.107 02 120 C5113 
600 0.103 0.115 0.108 
630 0.099 07,150 02 bo4 
660 0.095 0.105 02200 
690 0.091 0% LOO 0.096 
720 0.087 0.096 0.092 
7150 0.083 0.092 0.088 
780 0.079 0.088 0.084 
810 0.076 0.084 0.080 
840 O.073 0.080 O2077 
870 0.070 OF 077 0.074 
900 0.067 0.074 O20 
Eo 0.568 0.650 OF 592 

3 

10 (k;+0,;) gree Si lees 127445 i349 

(sec +) +0 70109 +0.0086 +0.0108 

le) 0.99969 0.99978 0.99969 
10° (k+o,) 


es oleae OL 0246 
(sec -) 


_ a 
A, 
ce ; 


— 
- 7 > * , 
ae ” 7 7 7 a - 
is . 4» q 
a x < 
~ ‘ . 7 
Oo 


ar lis 


ome 
— ee 
oe ae ol 
om 
aie a 
_ = 


£ 


ant 


a 


= 
ae 


atta 


Po FO, G4 UROM Oe eOfO.02 


a Gen = cE A ALLAN LEAL AP * a a a ome gl 


eaorl .9 av6e.d 


—— Sy ay ae sem oe 


Oe Ss — = a' e 


269. 


Thermolysis of Z-3- kee fs -4-ethylidene-l-pyrazoline (90) 
ac Lea .0°C 


Le E, (vo FE} 
Time 
(sec) Run #1 Run #2 Run #3 
270 G2171 O2141 0.152 
300 0161 0.133 0.143 
330 0.152 0.125 0.135 
360 0.144 0.118 0.127 
390 6 iG Oe itt 0.120 
420 0.129 0.105 Oils 
450 0.122 0.099 0.107 
480 0.115 0.093 0.101 
510 0.109 0.088 0.095 
540 G21 63 0.083 0.090 
570 0.097 0.078 0.085 
600 0.091 0.073 0.080 
630 0.086 0.069 0.075 
660 - 0.081 0.065 0.071 
690 0.076 OG 0.067 
720 0.071 0.057 0.063 
750 0.066 0.054 0.059 
780 0.062 0.051 0.056 
Eo 0.678 0.596 0.589 
3 
103 (k;+0x,) 1.964 2.001 1.954 
(sec) +0.0267 +0.0138 £0/0166 
, 0.99938 0.99973 0.99965 
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Thermolysis of Z-3-Methyl-4-ethylidene-l-pyrazoline (90) 
ater nO 0 ae 


Ee - Ey (volt) 
Time 
(sec) Run #1 Run #2 Run #3 
LS 0 0.155 Oe ask 0.1262 
180 O.140 0...55 0.147 
20 Oley 02240 ‘Sie sley. 
240 OES Onece O.. b22 
270 OO, 204 O.42b5 Oe Wwied 
300 0.094 O05 02-01 
330 0. 68:5 O-095 0.092 
360 OF Gaz. 0.086 0.084 
390 02070 0.078 0.076 
420 0.064 On 07) 0). 069 
450 0.059 O- 064 0.063 
480 O.054 0.058 05.057 
510 0.049 0.053 0.052 
Eo : O. 536 eg 0.605 0.5165 
3 < 
10 (kK; 40,%;) Sees Swe SoG 
eps +0.0301 +0.0238 +0.0310 
re) 0.99960 0.99971 0.99958 
3 
10 (k+o,) 
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Thermolysis of 4-Isopropylidene-l-pyrazoline (57) at 175.0°C 


E - E£, (volt) 
co t 
Time 
(sec) Run #1 Run #2 Run #3 
240 0.149 0.106 0.199 
300 0.139 0.099 0.185 
360 O29 0.092 Orlane 
420 0.120 | 0.086 0.160 
480 praise 0.080 0.149 
540 0.104 0.074 0.139 
600 0.097 0.069 G292:5 
660 0.090 0.064 0.120 
720 0.083 0.059 Odsal 
780 O=Gna 0.055 0.103 
840 On07. 02051 0.095 
900 0.066 O04e 0.088 
960 0.061 0.044 Oj 2051 
1020 0.056 C2045: 0.075 
1080 0.051 0.038 0.069 
1140 0.047 0.035 0.064 
1200 0.043 0.032 0.059 
oe 0.497 0.350 0.639 
3 
10” (k, 0%;) 1.286 247 12266 
(eer +0.0188 +0.0107 +0.0090 
0 0.99933 0.99964 0.99972 
3 
Oo) 
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Thermolysis of 4-Isopropylidene-l-pyrazoline (57) at 180.0°C 


| as Ey (vole) 
Time 
(sec) Run #1 Run #2 Run #3 
120 0.088 (ie ea oul 
180 0.079 0.120 0.091 
240 0.071 0.108 0.082 
300 0.064 0.096 0.073 
360 0.057 0.086 0.065 
420 0.651 0.076 0.058 
480 0.045 0.0638 0.052 
540 0.040 0.060 0.046 
600 0.035 0.053 0.041 
660 Cera 0.047 0.036 
720 0.027 0.042 0.032 
780 0.024 0.037 0.028 
840 0.021 0.033 0.025 
900 0.019 ee: 0.022 
es 0-260 0.388 0.299 
107 (k.+0,.) 2.000 1.969 1.963 
al aL 
(sec) +0.0260 +0.0209 10.0167 
0 0.99941 0.99954 0.99965 
107 (k+o,.) 
; 1.977 + 0.0199 
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Thermolysis of 4-Isopropylidene-l-pyrazoline (57) at 185.0°C 


3 
LO {kp toys) 


Eas Ey (VOLE) 

Rune Run #2 
0.052 02082 
O04 7, O07 5 
0.043 0069 
0.040 0063 
0.037 0.058 
0.034 0.053 
OS03L 0.048 
0.028 0.044 
02025 0.040 
0.623 0.036 
02021 070353 
0.019 02036 
O20 Oa02)7 
0250 0.240 
3.044 cA, UV es: 

HO O26 20.0250 
0.99972 0.99967 

3205010. 0260 


Run #3 
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Gea 20 
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Oe 07 
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274. 


Thermolysis of 4-Methylene-1l-pyrazoline-6,6-d, G07)) 
ate 040°C ce 


lies E, (Volt) 
Time 
(sec) Run #1 Run #2 Run #3 Run #4 Run #5 
210 0.404 Oe24 1 QigZee2 e250 0.234 
240 0.388 Ora O32 Gall. 0.240 Owe 
270 Ura sz OL 222 On2 5 02230 OV215 
300 02357 Oee2 03 Oma: O221 0.8206 
330 06342 0.204 OBZ OF22 02198 
360 O2SZ5 0.196 Oni C2203 0.19.0 
390 0.314 Oslas Ole PAILS ORME OS Geko? 
420 0-301 0.180 O2204 OSLS7 On 
450 0.288 Om 3 02596 0.179 02068 
480 OL27'6 0.166 Oabes Onl 2 O-2 61 
510 0.264 O59: 0.180 OAL6S 0.154 
540 OaeoSs Ope 2 ee LYS Ops Umar) 0.148 
570 O2242 02146 0.166 O15. Oe142 
600 Oe232Z Cea 0 OSES 9 O..145 Orals6 
630 0.222 Owls 4 5 ORS 02139 Os 0 
660 O23 Oe EZs 0.146 Oeiss OSE2Z5 
690 0.204 Oneie2 Ss 0.140 Oe 7 OF b2:0 
u20 0.196 OeEkS Opes 4 Os222 ORES 
750 0.188 OTe Aa be) OaE2sS Orel), One O 
780 Orne: 0) 0.108 ORS Oo T2 OeL0S 
810 Osis 0 2103 Om es O-L07 CeO 
840 O2L66 0.099 Qi OAL OS 0.097 
870 O159 0.095 O20 6 0.099 0-093 
900 OS 52 0.091 OSL03 0.4095 0.089 
930 OL 146 0.087 0.099 0.091 O2085 
Eo iene oc 0.696 0.807 O27 52. 0.681 
10° (k,40K,;) 220 leet ey ie OS a ee: 8 bet 4.03 
(een +0.0084 =O 20005 #0. 007.1 =O. 0103 +Oe0077, 
0 0.99978 0.99975 0.99983 0.99971 0.99980 
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Thermolysis of 4-Methylene-l-pyrazoline-3,3-d, (42) at 170.0°C 


2 
= Ey (volt) 
Time 
(sec) Run #1 Run #2 Run #3 Run #4 Run #5 
240 0.386 0.349 0.394 0.281 0.392 
270 Noe wal 0.336 0.379 Cat 0.379 
300 Oes57 Ouse 0365 Meicak 0.364 
330 0.343 Oat EE 0.251 0.350 
360 6/330 0.299 0.338 0.242 Q327 
390 317 0.288 0.325 67243 Dee 
420 0.305 0.277 Omens 0.224 O31 
450 0.293 6.267 0.301 0.216 0.300 
480 0.282 O257 0.290 0.208 0.289 
510 0271 0.247 0.279 0.200 0.278 
540 O. 261 0.238 0.269 0.193 0.268 
570 0.251 0.229 O59 0.186 0.258 
600 0.242 0.220 0.249 0.179 0.248 
630 Tee 0.220 0.240 Oe 0.239 
660 0.224 0.204 ‘Ape Cues 0.230 
690 0.216 0.196 0.222 0.160 0.221 
720 0.208 0.189 0.214 0.154 0.213 
750 0.200 0.182 0.206 0.148 0.205 
780 0.193 O17 0.198 Vee Guio7 
810 Ole 0.168 eel pe lley 0.190 
840 Geis Gites 0.184 0.132 0.183 
870 Tie le MAG 0.177 0.127 G16 
900 Ovl67 0.150 ieaal 0.122 0.169 
930 0.161 0.144 O16 Grit Ole 
960 O.0s5 0.139 0.159 UAnaLS 0.157 
Es 1.129 1.069 tease 0.829 1.058 
Oakes Pane tsa 1.279 1.264 ee ae 1.274 
(sec) 40.0098 +0.0083 +0.0075  +0.0078  +0.0069 
0 0.99969 0.99975 0.99978 0.99977 0.99981 
10° (kto,) 
‘ 1.270 + 0.0063 
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Thermolysis of 4-Methylene-l-pyrazoline-3,3,6,6-d, (43) 
at. £7020°C a 
La E, (vole) 
Time 
(sec) Run #1 Run #2 Run #3 Run #4 Run #5 
240 Os37s Q.156 0.25 Ueoae 0.287 
270 O25 56 0.189 05207 6.336 e277 
300 0.344 Oz e2 0.199 0.324 On 2:67, 
330 Ges e2 O27 5 Oe 192 Oso13 eZ ow 
360 On 32.0 0.169 02185 0.302 0.248 
390 02205 O21 63 O.17¢6 OoZ2on 02239 
420 0.298 O27. Oey 1 Qe eu Oi Z2 30 
450 0.297 Gel ol O-165 On 274: On 222 
480 On 2uy. Ona 5 0.159 0.261 oO 204 
50 O2267 0.140 O21 Ss 0.252 02206 
540 0.257 Cie 35 Qo LAy 02243 0.199 
BO 0.248 O23 0 QO. 142 0.234 0.292 
600 G2259 G.425 Ona 0226 0.185 
630 02250 O.L20 Oakey 0.218 P.igs 
660 Ou222 0.116 Ore 207) 05210 Oe lagZ 
690 Or 214 Onlsl2 OZ 2 0.202 0.166 
720 0.206 0.108 0.118 O6195 O2160 
7150 0.198 0.104 0.114 0.188 0.1524 
780 0.191 0.100 Oni O OPM Swe Opies 
810 0.184 0.096 0. LOG Ong a O-148 
840 Osi 7, 0.093 OO? 0.168 Oras 3 
870 Olah 0.090 0.098 0.262 ORs 
900 0.164 0.087 02095 0.156 O28 
930 0.158 0.084 0.092 0.150 PSAs) 
960 Oo 0.081 0.089 O.145 Oi LES 
Eco nlaehy 0.569 O26c5 L058 0.878 
WOR ae Sepa Leo 235 eS e220 ilverer 2 A 
(sec +) +). 00S L +0.0067 +0, 0089 2O200 77 +0.0082 
fe) Ob ROSS IES 0.99981 0.99969 0.99976 0.99974 
107 (kto,) 1.230 + 0.0079 
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Thermolysis of 4- Pies aes L=pyrazoliane=—37, 3750 % ~d, (46) 
at 20.0 eo 
Be (veils) 
Time 
(sec) Run #1 Run #2 Run #3 Run #4 Run #5 
260 05.223 OF 285 0.234 O97 07.421 
300 0.214 Ow 24 0.224 0.189 0.404 
340 O.205 0.263 Oz 2455 Oia bs ih 0.388 
380 Geo G O.252 G52:05 OFS Ons iz 
420 OLS Ona OvIED 7, 0.166 ONeges pt 
460 O2130 O23 On L69 Og ane) 0.342 
500 Omley2 Ome 22 Q2191 assy 0.328 
540 On GS OR212 0.73 ORE as 0.314 
580 OL E58 0.204 OSG Oera0 OF 0e: 
620 ORES: O2L95 (Opals) 0.134 0.288 
660 0.145 ORL oy ORS 2 Ones 0.276 
700 O73 9 Oakes. ORME 6 Onis 0.264 
740 O33 Gea 0.140 O58 G,.2 58 
780 0.127 0.164 Ciel 34 Ores On242 
820 OR 122 ORT 07128 0.108 On1232 
860 eel] O50 — 0-823 0.104 Oo 222 
900 Onis 0.144 0.118 Osa bg O11 O2rs 
940 0:5 1.07 0-136 Beye na Ie 0.096 0.204 
980 OF nS 0.132 0.108 0.092 OF 196 
1020 02099 On P27, OV 0S 0.088 Ones 
Ke OnG27 QO2337 0.668 0.557 1.240 
10” (ky tox, ) 1.076 ee One 105 1.060 1.069 
(sec +) +0.006 =0..0070 +0.0064 =O. 0052 +0.0087 
fe) 0.99977 0. 99975 0° 99978 0.99984 0299967 
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Thermolysis of 4- eet ny dlces =lI=pyrazoOline=3,3,5;,57,0,6- —d¢ (44) 
at 2702. 0°C chee 
ie a E, (volt) 
Time 
(sec) Run #1 Run #2 Run #3 Run #4 Run #5 
260 OV 272 Na224 0.241 02326 0.360 
300 0.261 Ores 0.231 0.304 0.346 
340 On251 0.206 0.222 On 2o2 Beebe 
380 0.241 02198 OFe 13 QO, eed 0.319 
420 Oe234 0.490 0.204 OL27.0 O23 O6 
460 QO. 222 OeL32 0.196 02259 0.294 
500 Dees ORD hs O27 188 0.249 02232 
540 0.204 0.168 0-180 0.239 On 27a: 
580 0.196 0.161 0.473 0.229 0.260 
620 0.188 0.154 OGG C220 O.250 
660 0.280 0.148 0. 153 Os 214 0.240 
700 C2172 0.142 05153 Q.202 0.230 
740 0.166 0.136 On1Ay 0.194 0222) 
780 OES) Osks0 0.141 0.186 0.212 
820 0.153 O2125 Oe eer Osi As! 0.203 
860 One 0.120 07130 O La Oba SIRS Ne) 
900 O24) OnbLS 0.125 0.164 0.187 
940 0.136 Oren Bie) 0.20 O57, Oe 
980 Che as 0.106 Ore eS 0.51 Osi 2 
1020 02126 0. 202 Oa: 0.145 0.165 
Eo Oc 7.30 0.650 O17 6 0.903 1.049 
10° (k,+0K,) OZ 2 L042 1.024 be033 Oe) 
(sec 2) =O70073 +0.0064 20:.0050 ZO. 0072 #0: 0097. 
fe) 0799972 OS 9977 0299565 OT 99973 Phy Bic es! 
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Thermolysis of B-4-Ethylidene-1-pyrazoline-3,3-d, (76) 
at 164.0°C oe 
E Ey (VOLE) 
Time 
(sec) Run #1 Run #2 Run #3 Run #4 Run #5 

300 0.188 0.200 0.145 0.184 0.169 
330 0.179 0.190 0.138 664.75 O.16t 
360 0.170 Carer ie EE Orle7 6.153 
390 0.162 O27? Ge ize 0.159 0.145 
420 0.154 Onl64 0.120 feist 0.138 
450 0.146 08156 0.114 0.144 0.131 
480 0.139 0.148 0.109 Onis7 0.124 
510 Onikee 0.141 0.104 0.130 Getic 
540 ones 0.134 0.099 0.124 esa 
570 0.119 0.128 0.094 0.118 0.106 
600 0.113 alee 0.089 Gui 0.101 
630 0.107 Onli 0.085 0.107 0.096 
660 0.102 0.110 0.081 0.102 0.091 
690 0.097 Geos G2 077 0.097 0.087 
720 0.092: OLl0G 04073 0.092 0.083 
750 0.088 0.095 0.069 0.088 0.079 
780 0.084 0.090 06066 0.084 0.075 
810 0.080 0.086 0.063 0.080 0.072 
840 Oo76 0.082 0.060 0.076 0.069 
870 0.073 0.078 0.057 0.072 0.066 
900 0.071 0.074 0.054 0.069 0.063 
he 0.643 Meeey 0.535 Uaioe 0.625 

10°(k;#0,%,) 1.671 TG G 1.649 th BERS 1662 

qe 40.0139 +0.0160 +0.0094 +0.0117 +0.0153 
6 0.99966 0.99959 0.99979 0.99972 0.99961 
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Thermolysis of Z-4-Ethylidene-1l-pyrazoline-3,3-d, Ips) 
at, 164 0°2¢ a 
sta E, (volt) 
Time 
(sec) Run #1 Run #2 Run #3 Run #4 Run #5 
300 0.093 0.109 Onc 67 Oe 20 0.148 
520 0.088 O03 Ordos O.4d14 0.140 
360 0.08s 0.098 021510 0.108 O-3s 
390 0.079 0.20093 0.242 0.103 0.226 
420 02075 0.088 G35 0.098 0.120 
450 O07 0.083 On2'3 0.093 O..114 
480 0.067 0.079 O22) 0.088 0.108 
510 0.063 0.075 OLS 0.083 0.103 
540 0.060 02071 O09 C2079 0.098 
570 On ODT, 0.067 0.103 0.075 0.093 
600 0.054 0.063 0.098 03071 0.088 
630 0.051 0.060 02093 O06 07083 
660 0.048 0.057 0.088 0.063 02079 
690 0.045 0.054 0.3083 0.060 0.075 
220 0.043 0.052) 0.079 0.057 0.07 1 
730 0.041 0.048 02075 0.054 0.067 
780 0.039 0.045 O507 2 0.052. 05063 
810 0.037 0.043 0.067 0.048 0.059 
840 0.03.5 0.041 0.063 0.045 0.056 
870 0.033 C039 02.059 0.043 02053 
900 02021 0.037 0.056 0.041 0.050 
Eoo 0.373 O43 7 07.655 0.468 07559 
10° (k, #0x,) 1.320 ole. 1.806 ilpesyilal L797 
(sec +) +0.0148 +0. 0108 +0 70125 207. O10 7 #0, 0173 
fe) 0.99967 0299973 O99973 0299973 0.99959 
10° (kto,.) 
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Thermolysis of 4-Ethylidene-l-pyrazoline-3,3,5,5-d, CZs) 
alos 02C aac 
ae E, (vole) 
Time 
(sec) Run #1 Run #2 Run #3 Run #4 Run #5 

330 OFe0'S 0.091 02097 Om L4 OF Ol: 
360 05104 0.087 0.093 02409 0.097 
390 0.099 0508s 0.089 0.104 0.093 
420 0.094 0.079 0.085 0253.00 0.089 
450 0.090 C2076 O-08 td 0.096 O06 5 
480 0.086 O0373 ORO7a7, OmO0e2 0.081 
510 0.082 05.070 0.074 0.088 C2077 
540 0.078 0. 067 02072 0.084 02074 
570 OF074 0.064 0.068 0.080 OSO7L 
600 O07 1 0.061 0.065 0.076 0.068 
630 0.068 02056) 0.062 02073 0.065 
660 02065 02055 0.059 0.070 0.062 
690 OO] 062 0.052 0.056 0.067 0.059 
720 0.059 0.050 02053 0.064 0.056 
750 0. 056- 0.048 O20 5: 0.061 0-053 
780 0.053 0.046 0.049 0.058 02051 
810 02052 0.044 OS Oar Of 055 0.049 
840 0.049 On 042 Q.045 02-052 0.047 
870 O..047 0.040 0.043 0.050 0.045 
900 0.045 0-036 0.041 0.048 0.043 
930 0.043 0.036 0.039 0.046 0.041 
Exo 0.393 O23 42 O23:7.0 On4 277 Os OL 

1 aeoie) TL Sisheys| Ae, By GiNss Hee sel e527 L526 

(secr} £020,085 +O% 0216 #00 102 Oe (OL IAL +025 0140 

0 0.99981 0.99970 0.99974 0.99968 0.99961 
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